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CHAPTER I 
INTRODUCTION 
A. Background 

Joining techniques can be traced back to prehistoric days. Copper- 
gold and lead-tin alloys were used for soldering prior to 3000 B.C. [1]. 
Evidence exists that iron and steel were welded into composite tools and 
weapons as early as 1000 B.C. However, the relatively low temperature 
heat sources available at that time severely limited welding applications 
2]. 

Modern welding technology really began with the advent of readily 
available electric power towards the end of the 19th century. Table I, 
based on data presented by Masubuchi [3], summarizes the important 
discoveries in joining techniques and their applications since the 1890's. 
Today, there are approximately 50 welding processes in use [1, 4]. Of 
particular importance was the effect that World War II had on welding use. 
The demand for greater numbers of ships greatly accelerated the use of 
welding. Through the application of welding technology, the United States 
was able to build approximately 4,700 ships [5]. This accelerated use of 
welding was not without risk, however. In the years following the war, a 
significant number of welded ships experienced structural failures. Of 
the almost 5,000 ships built, twenty either broke in two or had to be 
abandoned due to excessive structural damage [6]. These events ultimate- 
ly led to improvements in welding techniques through the understanding 


Omembtriitehe tracture. 
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Table I 


Histerical View oF Welding Developments 


Time Frame Development 
1890 The first U.S. metal-arc welding patent 


issued to Charles Coffin (1889). 


T91LO-1920 Introduction of covered electrodes by 
K Jelborg in Sweden (1912). First use of 
metal-arc welding in shipbuilding (repair 
work during World War I). 


OZO0—-19530 The first all-welded ship built in England 
(Fullage, 1921). 


1930-1940 First patent for inert-gas electric-arc 
welding was issued to Hobart and Devers. 


Submerged arc welding development in U.S. 


1940-1950 Demands of World War II accelerate the use 
of metal-arc welding in shipbuilding. 
Development of gas tungsten-arc welding. 
Development of gas metal-arc welding. 


1950-1960 Electroslag welding introduced in Russia. 
Introduction of CO5 shielded metal-arc 
welding. Development of new processes, 
electron-beam, ultrasonic, and laser. 


1960 Introduction of Battelle Narrow-Gap Process. 
1968 Use of various processes in shipbuilding: 
Covered electrodes 80-9024 
Submerged arc bO= E57, 
CO5 shielded yA 


Others alive 
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B. Trends in the Adoption of Advanced Welding Processes 

An interesting aspect of Table I is the data presented on welding 
processes used in shipbuilding as of 1968-1969. Although significant 
progress had been made in the development of welding techniques, corres- 
ponding advancement in shipbuilding applications of the new techniques was 
not as substantial as might have been expected. As of 1969, approximately 
80-90% of ship hull joints (in length) were still being welded manually, 
using covered electrodes [1, 3]. This process was developed more than 
sixty years ago. Although the submerged-arc process accounted for 10-152, 
1t too was developed over forty years ago. Very limited use was being 
made of more advanced techniques. 

In many respects, the long lead time in implementing new welding 
techniques is based on sound reasoning. An urgent need, such as that 
experienced during World War II, is not always available to accelerate 
the acceptance of new technology. The structural design of ship hulls also 
present a problem. A large percentage of the joints are fillet welds 
which are periodically interrupted by intercoastal structural members. 
This makes it difficult to apply automatic welding processes. In addition, 
the quality of welding as practiced has improved greatly over the years. 
Substantial economic outlays for equipment and personnel training have 
already been invested, resulting in a sense of security in the use of 
more established joining methods. This motivation is clear when one 
considers the worth of modern ships. The cost of our new Trident sub- 
marines may exceed a billion dollars each [7]. A reluctance to use new 
technology vice more proven welding methods on such a costly item would 


be understandable. The Alaskan pipeline serves as another example. 
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Although more modern joining procedures could have been employed, the 
desire to minimize risk resulted in the extensive use of covered electrodes. 

Not withstanding the remarks made in the previous paragraph, it is 
unrealistic to assume that in future years shipbuilding will be relying 
solely on the same joining processes now utilized. First of all, the 
structural design of ships may change. Ships hulls have for years been 
designed based on rules developed through experience, such as those of the 
American Bureau of Shipping (ABS). ABS standards now incorporate the 
ability for designers to depart from the rules [8]. Justification and 
proof of design adequacy must of course be provided by the designer. 
Significant changes in structural design could be accompanied by an 
increased attractiveness of previously unused welding techniques. The 
future use of higher strength steels, or aluminum and titanium alloys may 
necessitate new methods of fabrication. 

Impetus towards implimenting more modern welding techniques may be 
provided by other than purely engineering concerns. Economic considera- 
tions play a powerful role in the design and construction of ships. The 
ship building industry is continuing to seek out ways of increasing the 
speed of the welding process [9]. Increased welding speeds and deposition 
rates can correlate to increased productivity, and lowering of production 
costs. Wages have greatly increased over the years. The replacement of 
labor intensive welding processes with automated techniques could also 
provide for reductions in fabrication costs. One important aspect of 
laser and electron-beam welding processes is their ability to weld 


without the use of filler metals. This represents a savings in metal 
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resources and their associated costs. A strong desire for energy con- 
servation will provide additional motivation towards changes. The ever 
increasing expense of electrical power will benefit those welding processes 


with the greatest overall efficiency. 


C. Aim and Purpose of Study 


The primary purpose of this thesis is to investigate the potential 
for utilizing advanced welding processes in the fabrication of submarines. 
The structural material chosen for the submarine is Hy-130, a high 
Strength quenched and tempered steel. The Hy-130 welding capabilities of 
gas metal arc (GMA), shielded metal arc (SMA), electron-beam (EB), and 
laser welding are to be considered. Economic comparisons between the 
four processes will also be made. 

Research is currently being conducted at M.I.T. to develop multi- 
dimensional programs capable of accurately predicting temperature dis- 
tributions, as well as thermal stresses and metal movement, during the 
welding of thick sections [10]. The ultimate goal is to predict distortion 
and residual stresses, and thus avoid problems in the later stages of the 
fabrication process. In contrast to the effort necessary to experimental- 
ly measure distortion and residual stresses, computer analysis would 
provide for a significant savings in cost, manpower, and time. 

The development, and assessment of capabilities, of a computer program 
requires the existance of a data base on which to compare known results 
with those predicted by the program. The existance of experimental data 
on transient thermal strains in thick Hy-130 plates is limited. Recent 


experimental work on gas metal arc welding of thick Hy-130 plates has been 
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accomplished by Lipsey [11]. Similar work by Conneybear [12], using 
electron-beam welding, added to the accumulation of data. In support 
of the computer program development and the need for experimental data, 
this study will also undertake the task of measuring the temperature 
distribution and transient thermal strains encountered during laser 
welding of thick Hy-130 plates. 
” In summary, this thesis will undertake to accomplish the following: 
1. To determine the welding requirements anticipated in the 
construction of a Hy-130 submarine. Structural design of primary pressure 
hull components will reveal scantlings and amount of welding to be 
encountered. 

2. To determine laser capabilities, for welding thick Hy-130 plates. 

3. To measure temperature distributions and transient thermal 
strains encountered during laser welding. 

e 4. To perform a cost analysis, comparing GMA, EB, SMA, and laser 

welding processes in the fabrication of the Hy-130 submarine. 

5. Upon completion of the computer program development, and with 
time permitting, determine the applicability of the multi-dimensional 


program to laser welding of thick sections. 
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MATERIAL CHARACTERISTICS OF Hy-130 


In order to increase the operating depth capabilities of submarines, 
materials with higher strength-to-weight ratios are needed. Hy-80 steel, 
first introduced in 1958, has a yield strength of 80,000 psi. Today, 
Hy-80 is still the basic steel used for submarine hulls. Hy-100, a steel 
very similar to Hy-80, is also used to a limited extent. A high strength 
quenched and tempered steel developed for the Navy, and designated Hy-130, 
is expected to be used for future submarines. 

Hy-130 was initially designated Hy-140, but was renamed when it was 
found that only 130,000 psi yield strength could be guaranteed in the 
welds. In 1969, the Lockheed Missile and Space Company built the first 
deep submergence rescue vehicle (DSRV) using Hy-130. The DSRV is capable 
Semdivineg £o a depth of 6,000 feet. In addition to the high strength 
characteristics of Hy-130, the steel also exhibits good fracture toughness 
at low temperatures [14]. The chemical composition of Hy-130 quenched 
and tempered steel is presented in Table II. The mechanical properties 
of Hy-130 in the "as received" condition are presented in Table III. 

In order to utilize finite element programs for predicting heat 
flow and thermal strains which occur during welding, the physical and 
mechanical properties as functions of temperature, from room temperature 
through the melting point, must be known for the material being 
evaluated. Schrodt {13] developed curves for the physical and mechanical 
properties of Hy-130 as functions of temperature. His data was derived 


from references {16-25]. These curves are currently the most valid 
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approximations available for Hy-130 properties at elevated temperatures. 
The mechanical and physical properties of Hy-130 as functions of tem- 
perature are presented in Figures 1-10. Summaries of these properties 


are also presented in Tables IV and V. 
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Table [1 


Chemical Composition of Hy-130 


Element Weight Percent 
Ni a oe 
Cr e40n— O27 © 
Mn 0.60 - 0.90 
Sul ORO Or sis) 
Mo Oe 305-0205 
V Dolby (Oy IES, 

C O-08-— 0-12 

i 0.010 maximum 
S 0.015 maximum 
Dat 0.02 maximum 

Cu 0.25 maximum 


Fe Remainder 
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Table IIL 


Mechanical Properties of Hy-130 


Yield stress 145 ksi 
Tensile stress 147 ksi 
Elongation in 2 inches 20% 
Reduction of area 69% 


V-notch requirements 60 ft-labs at 70°F and O°F 
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Summary of Mechanical Properties for Hy-130 


Temperature (°F) o E H v 
68 143 30 Ze 5 318, 
200 138 2936 21238 .308 
400 PE Zone 22 Seva 
600 22 Ant a OG 5 S354 
800 110 26 ES 7 -346 
1000 88 Da e310 So 
1200 50 14.0 Ora oc 
1400 sy 50 ang .384 
1600 Ike 7 4.0 Syed Sie 
1800 6110 340) De .410 
2000 4.0 220 ih 422 
2200 paps) 2 8 ~435 
2400 E20 4 4 447 
2500 0 0 0 454 
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Summary of Physical Properties for Hy-130 


Temperature (°F) eo 

68 ~ 284 
200 Zoo 
400 282 
600 i230 
800 BOM, 
1000 SPATS 
1200 210 
1400 275 
1600 ay sae 
1660 BAILS 
1800 SV aT hs 
2000 eZtD 
2200 6S 
2400 29 
2600 205 
2800 ney is. 
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CHAPTER IIT 


Hy-130 SUBMARINE DESIGN 


A. Design Requirements 

In order to make an economic comparison of the various welding tech- 
niques that could be used in the fabrication of Hy-130 submarines, it 
is necessary to determine the joint types and amount of welding to be 
encountered. Once the welding requirements are known, the ability of the 
various welding processes to meet these requirements can be judged. 
Acceptable welding processes can then be analyzed to determine their 
economic and technical impacts on the fabrication process. 

Modern submarines are large warships. The largest submarines 
emrrently in the fleet are 425 feet long and displace over 8,200 tons. 
When the Trident submarines enter the fleet, they will measure 560 feet 
in length and displace approximately 18,700 tons [26]. 

Submarines are presently fabricated from Hy-80 steel. Therefore, 
one is not able to refer to existing blueprints and drawings for the 
precise welding requirements anticipated in the construction of Hy-130 
submarines. However, using the design practices outlined in references 
[27, 28, 29], this author adequately defined the major structural 
components of a Hy-130 submarine. The submarine considered in this study 
is as shown in Figure 11. The submarine's dimensions approximate those 
of a candidate submarine which was considered as a possible alternative to 


the very large Trident [30]. The design requirements this author imposed 


on the submarine are listed in Table VI. 
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Table VI 


Hy-130 Submarine Design Data 


[tem 


pressure hull diameter 


type of pressure hull 
pressure hull end closures 
submarine operating depth 
collapse depth safety factor 
collapse depth 

sea pressure at 1000 feet 
sea pressure at 1500 feet 
structural material 

yield strength 

Poisson's ratio 

Shell buckling safety factor 


General instability safety 
factor 


corrosion allowance 


Design Requirement 


33 feet (typical of modern nuclear 
submarines) 


Gy Eima rics | 

hemispherical, 16.5 ft. radius 
1000 feet 

1.5 x operating depth 

1500 feet 

444 psi 

666 psi 

Hy-130 

130,000 psi 

_3 


2.25 x operating depth 


3.75 x operating depth 


1/8 inch on shell 
1/6 inch on each side of external 
frames 
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peeeeeressure Hull Calculations 


A cylindrical pressure hull is most often selected for submarine 


application. A cylinder allows for much easier arrangement of equipment, 


and except for a sphere, is the strongest and lightest structure for 


resisting external sea pressure. The two main stresses in the pressure 


hull are circumferential (tangential) stress, and longitudinal (axial) 


Seress. 


Equations (1) and (2) provide good estimates of these stresses. 


Grenreumbterential stress: o 


6 
_ pd 

oe 0 De CL) 
Longitudinal stress: c= 

. pd 

Ox OAt CS 

p = external sea pressure 
d = hull diameter 
t = hull thickness 


The hull thickness required for a collapse depth of 1500 feet was 


determined using Equation (1) with: 


p = 666 psi 
d = 33 feet 
o = 130,000 psi 


The calculated hull thickness was 1.014 inches. Considering the corrosion 


allowance requirement and the availability of standard plate sizes, the 


hull thickness chosen for the Hy-130 submarine was 1.25 inches. 
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C. Stiffened Shell Calculations 


In determining the strength of the pressure hull, it was necessary 
to consider the various means of failure that could occur. The pressure 
hull is a reinforced cylinder with internal or external frames. The 
failure mechanisms considered were shell yielding, shell buckling, and 
General instability. Shell yielding can be identified by the folding of 
the shell plate, resembling the creases in an accordian. Shell buckling 
occurs between, and often on both sides of, the frame. Both of the above 
failures are due to the plate being held in place by the frames and 
excessively loaded. Buckling can also cause the frames to trip over. 

The third type of failure, general yielding, occurs when the frames and 
shell fail as an entire unit. In the design of the pressure hull, 
sufficiently large factors of safety are used to insure the three types of 
failure do not occur. The factors of safety used in this submarine design 
were given in Table VI. 

The sizing of the circular frames is an iterative process, where the 
scantlings are chosen and calculations performed to insure the frames are 
adequate. With Hy-80 submarines, the spacing between frames is approximate- 
ly 10% of the hull diameter, i.e., 3.3 feet. With higher strength steels, 
such as Hy-130, the frames must be spaced closer in order to take full 
advantage of the higher strength steel. The frame calculations were 
based on the frame shown in Figure 12. Table VII lists the parameters 
used in the stiffened shell calculations. 

1. Shell Instability and Frame Spacing 

The pressure required for buckling is dependent on several factors, 


including the number of lobes formed. Fortunately, a formula given by 








Figure 12- PRESSURE HULL SHELL AND FRAME ARRANGEMENT 
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Table VII 
Parameters Used in Stiffened Shell Calculations 

thickness of pressure hull = 1.25 inches 

length of frame web 

web thickness 

thickness of frame flange 

flange width 

radius to center of gravity of shell 

hull diameter 

radius to neutral axis 

radius to center of gravity of frame 

area of web 

area of flange 

AY + As = total area of frame 

bt/A.+bt = ratio of shell area under the frame faying flange, to 
total frame area plus shell area under frame faying 
flange 

Bea! as a slenderness parameter dependent on shell thickness, 

Y100 t/D frame spacing, and radius of curvature of shell 
plating 


transcendental functions that define bending effect on shell 
due to local framing, where: 


N = effect on deflection of frame 
H = bending effect in shell reflected at midspan 
K = bending effect in shell reflected near frame 


cosh6- cosé 
Sinh@é+ siné 


sinh6- siné 
sinh6+ sin8§ 


Memo ecioh 6/2 cos 6/2. + eoshe8/ 2 sin 6/2 


Sinhé@ + siné 
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Table VII (cont'd.) 


3 Hey 2 
1.555[R.t ] 


Sp 2 De 


modulus of elasticity = 30 x 10° ped 


= degree of flexibility provided by frame 


Poisson's ratio = .3 

critical pressure required for failure or instability 
unsupported frame spacing 

frame spacing including web thicknss = Ltb 


number of circumferential lobes in which the hull fails 


mR 
Ly 


= number of longitudinal lobes in which the hull fails 


length between King Frxeames or major bulkheads 
moment of inertia 


diameter to the center of gravity of frame 


858 
Loa 


bl 33 


] = relationship accounting for the length of shell 
included in the calculations 


distance from the neutral axis of the frame to the steel fibers 
furthest away, usually the bottom of the flange 


the amount of deviation of the shell and frame combination from 
ameruescitele, usually taken as equal to 1/2 ¢t. 
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Windenburg [33], independent of the number of lobes has been developed. 


The formula is given as: 


epee : 
ee 2\3/4 WE 
ey be 45%) 
D ° D 
For steel, withv= .3, the formula reduces to: 
p «= 2/6E ey 
Cree: 2 
o -45 (t/D) 


Since a degree of uncertainty exists, a factor 
applied to the collapse depth, i.e., 2.25 times the 
For this design, the critical pressure required for 


psi. For Hy~80, t/D is approximately equal to .004, 


the following: 


_ (2.6) (30x10°) (.004)?/? 


(3) 


(4) 


OF Salety of 1.5 71s 
operating depth. 
instability is 1000 


WileChe he sSiulles sai 


P = 1000 psi 
cr typ - .45(.004) 2/2 
6 5/2 
by (2.6) (30x10 _) (.004) Ly2 
; ‘aoa ae asl Ole) 
as 
wg .107 


Therefore, for a Hy-80 design, the frame spacing is approximately 10% of 


the hull diameter as stated earlier. 


The calculations for Hy-130 steel were made as follows: 





44. 


Es = 
ED 3) (2) .00284 
6 Gee 
L _ (2.6) (30x10_) (.00284) 1/2 
= Was + .45(.00284) 
by. 
L = 22.77 inches 


Therefore, the unsupported frame spacing, L, for this design was cal- 


culated to be 22.77 inches, as compared to 39.6 inches for Hy-80. 


2. Frame Scatlings 


As the result of several iterations, the following frame scantlings 
were selected for the Hy-130 design. Forthcoming calculations will 


substantiate the adequate strength and stability of the frames. 


ce 22./ inches 


1.125 inches 


ct 
II 


bie 4D inches 
h = 12 inches 
w.= 9 inches 


t. = lL inch 


Based on the above scantlings, the design parameters of Table VII 


were calculated to be: 


i = 9.0572 

t/D = .00284 

E/29 = 75025 inches 
A =o 9 a 


W 
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it 


vu 


Ay = 18 in 


De 223.45 inches 
bt = .84375 sin 
A tbt = 18.84375 
B = .044776 


Ge= 1 -963/7 radians 


Ne =a OD 
Ns ayes: 
eb a (LSS) 
So= 26 


3. Shell Yielding 


The highest stresses, and therefore the only ones needed to be 
calculated, are located at the inner side of the shell where it bends over 
the frame, and at the outside of the shell at the midbay. The respective 
formulas for calculating these stress levels were developed by von Sanden 


and Guenther [31]. The equations are commonly known as 92 and 924A. 
92: axial stress 


De ted 
P = Pa een fr ae (5) 


GL ~85-B 
Sarl ails) 2 +3 \K 





92A: circumferential stress 


fies ia) 0) 


P Spee ee ee (6) 
Cr .85-B 
Sere 
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Calculations using Equations (5) and (6) resulted in critical 
pressures of 842.69 psi and 992.8 psi respectively. Therefore, the 
submarine would have to exceed designed depths to experience shell 
yielding, indicating the adequacy of the structure. 

4. Frame Instability 

The critical pressure for frame instability is given by von Sanden 


and Guenther, and is commonly known as formula 88. 


a (7) 


The moment of inertia calculations were calculated as follows: 


Z I 


item area arm _ moment d Ad 2 
Shell 26.6625 0 O 3.954 416.844 BIS? 
Web 9 6.5625 59.0625 2.6085 61.238 108 
pieeze 9 13.0625 117.5625 9.1085 746.682 we 
44.6625 176.625 a Ko 4 asl 52 


The assumed neutral axis, N.A., was taken as the center of the shell. 


_ € Moments 
eS area 


= 3.954 


Therefore, the actual N.A. was calculated to be 3.954 inches below the 


assumed N.A. 


d = arm - y 
I, = moment of inertia about own axis 
ic me 
I = Ad ntl = 13556.296 41n 
y to center of gravity of frame = ie Sol 5. in 
A, se A 


De = D-2y eo Oeshzo in 





Wore 
Using Equation (7), the critical pressure for frame instability was 
calculated to be 769.55 psi. Again, adequate stability is provided since 


the designed collapse pressure is 666 psi. 


5. General Pmstabaraty. 


With general instability, the structure will fail in large lobes 
between two strong points such as major bulkheads or king frames. The 
pressure required for this failure was calculated from a formula developed 
by Kendrick and simplified by Brant [32]. Since the factor of safety is 


3.7/5, the 5% error due to the simplification is not excessive. 


4 2 
, m st (n =1L)EI (8) 


SS er eC 
5 (aol 2 me Gama R- L 


| 
ct 


ell 


The parameter m, number of longitudinal lobes, is dependent upon 


Normally, L, is taken as 


the king frame or major bulkhead spacing, L B 


B 
one to two hull diameters. This author chose 1.5D, or 49.5 feet, as a 
value for La: The nearest whole integer value for m is then equal to 
one. Calculations were then performed by assuming n=2, 3, 4, etc. Using 
Equation (8), the minimum critical pressure for general instability was 


calculated to be 2020.62 psi for n equal to three. Adequate stability 


is assured since the designed pressure is 1665 psi. 


6. Frame Stress Analysis 


The total stress, Ons in the frame is comprised of bending stress 
(o,) and stresses due to compression (o)- The total stress must be less 
than the yield stress of the structural steel. The compressive stress 
was calculated using a formula developed by von Sanden and Guenther, 


and presented in Reference [27]. 
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Ric F P 
ae A+ bt (9) 


The bending stress component was calculated using a formula developed 


by Kendrick, and also presented in Reference [27] 


_Ece Glee 
(Ry) @ PD 


The compressive stresses were computed to be 55,002 psi. Bending stresses 


(10) 


amounted to 18,818 psi. Therefore, the total stress was calculated 


as 73,820 psi, which is less than the yield stress of Hy-130. 


7. Summary of Frame Scantlings and Weight 


Table VIII summarizes the scantlings selected for the frames, and 
the weight of the frame components. The weight given for the shell is 
based on the frame spacing, Ly» and the pressure hull thickness, t. 
Compared to results presented in reference [30] for Hy~80 designs, the 
total weight of the Hy~130 frame and shell section represents a 20-25% 
decrease in weight. This compares favorably with weight curves presented 


in reference [27]. 


D. King Frames 


The formulas used in this analysis were developed on the basis that 
these would be internal bulkheads supporting the pressure hull at regular 
intervals. In older designs, these bulkheads and their spacing were 
based on the premise that the main ballast tanks would support the 
Submarine if one of the internal compartments flooded. For practical 
Considerations, the bulkhead spacing was 1.5 to 2 hull diameters. However, 


with the coming of nuclear power, which necessitated larger compartments 





fable at 


Summary of Frame Scantlings and Weight 


Component Cin): Buea” 
pressure hull ASP 25) = 
frame web ar es. i 
frame flange eee = 


frame and shell - = 


1 long ton = 2240 lbs 


Density of steel = .2833 Clg ike 


w (in) 


Ze 
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Weight 


(tons) 


4.595 


Ie ieys: 


Pie? 


7205 
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flooded. For practical considerations, the bulkhead spacing was 1.5 to 2 
hull diameters. However, with the coming of nuclear power, which 
necessitated larger compartments and a reduction in reserve buoyancy 
(smaller ballast tanks), it was no longer possible to design with the 
above philosophy. The structural bulkhead was eliminated and replaced 
with a large reinforcing ring which is frequently referred to as a king 
frame or deep frame. They are placed in the compartment at regular inter- 
vals equal to one to two hull diameters. In this analysis, a maximum 


major bulkhead or king frame spacing of 1.5 diameters was used. 


1. Selection of Scantlings 


To calculate the size of the king frame, an analysis is performed as 
was done for the normal frames. Since the king frame is large, N is 
equal to 1.0. Shell yielding and buckling pressures do not need to be 
recalculated as they are a function of the normal frames. However, the 
normal frames placed next to king frames should have their spacing, Las 


reduced to approximately 80% of the normal L The amount of shell 


re 
(pressure hull) effectively contributing to the king frame was assumed to 
be 30t. The n and Ee values used in king frame stability analysis are 
the same as those calculated for the normal frames. 

Since the same calculations were carried out as for the normal frames, 
the calculations were not repeated here. Iteration resulted in selection 


of the following scantlings for the king frames: 


25>. Inches 


Web thickness (b) 


34 inches 


Web height (h) 


Flange width (We) = 24 inches 








Dil 
Flange thickness (t-) = ieee nes 


i2261).tons 


Weight of web 


Weight of flange 4.632 tons 


E. Hemispherical End Closures 


iiemendaclosures for this design are hemispherical with a radius of 
16.5 feet. Stability of thin-walled spheres is given by Equation (11). 
The equation is adequate for spheres with R/T values of 20 through 500 


7]. 


Z 9/4 
Dee = 1.2E (t/R) 


CLI) 
For a critical pressure of 666 psi, the hemispherical shell thickness was 
computed to be 1.56 inches. Based on corrosion allowance requirements and 
Standard plate sizes, a thickness of 1.75 inches was chosen. It should 

be noted that Equation (11) does not take into account the strength of 
different steels. Approximately 1/2 inch Hy-130 would be sufficient if 
Strength were the only consideration. However, prevention of failure by 
buckling necessitates the heavier shell, and does not allow full 

advantage to be taken of the high strength of Hy-130. Therefore, it would 
probably be more economical to use HTS or mild steel for the end closures, 
assuming there would be no difficulties in joining the substitute steel to 
Hy-130. In any case, this study assumed that the welding parameters 


would be based on Hy-130 welding requirements to insure an adequate 


transition joint. 
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CHAPTER IV 


ESTIMATION OF WELDING REQUIRED 


A. Limitations on Welding Estimate 


The number of joints, and amount of required welding computed for 
the Hy-130 submarine, were based on the structural design completed in 
the previous chapter. Chapter III, however, was not intended to be a 
detailed structural design and internal arrangement analysis, but was to 
provide a means for estimating a large amount of the welding required. 
The estimated amount of welding is therefore conservative. In reality, 
additional welding would be required for internal structural bulkheads 
and stiffeners, external wing bulkheads and stiffeners, equipment 
foundations, deck grillages, foreward and after bodies of revolution, etc. 
In terms of the weight of weld metal deposited by conventional welding 
techniques, this author estimates that this analysis represents approx- 
imately 50-60% of the required structural welding for the entire submarine. 


This estimate was arrived at by reviewing actual designs. 


B. Construction Considerations 

The construction of the circular pressure hull is accomplished by 
fabricating the stiffened cylinder in sections, and then welding the 
sections together. Based on a conversation with Captain Jackson, a 
retired Naval Officer and noted submarine designer, these individual 
sections are made approximately 3 frame spaces in length. With a Hy-80 
submarine, each cylindrical section would be approximately 10 feet long. 
Due to the smaller frame spacing in the Hy-130 design, a stiffened cylinder 


10 feet in length corresponds to 5 frame spaces. In this analysis, a 





Soe 
stiffened cylinder length of 10 feet was assumed for the purpose of 
determining the number of sections to be joined. In addition to circular 
welds, seam welds must also be made ae the Hy-130 hull plate after being 


rolled to the required diameter. 


C. Summary of Welding Required 

Table IX summarizes the amount of welding required for the Hy-130 
submarine shown in Figure 11, Chapter III. The length of petneeE nn aan 
welding of the pressure hull was based on the radius to the mid~-thickness 
of the pressure hull plating, 197.375 inches. The radius of the frame 
web to pressure hull joint was taken as 196.75 inches, and flange to 
web radius as 184.75 inches. Seam welding of the pressure hull was based 
on the overall length of the circular pressure hull, 337 feet. The radius 


of the king frame web to pressure hull joint was taken as 196.75 inches, 


and flange to web radius as 162.75 inches. 





Table IX 
Summary of Welding Required 
Number of stiffened shell sections 
Number of welds required to join shell sections 
linear feet for 1 weld 
total linear feet 
Pressure hull seam welding 
Number of internal normal frames 
Web to pressure hull welding 
Flange to web welding 
Number of internal king frames 
Web to pressure hull welding 
Flange to web welding 
Number of hemispherical end closures 
Welding length 


Total linear feet of welding required 
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CHAPTER V 


LASER EXPERIMENTAL WELDING 


A. Scope of Research 


A series of five experiments was conducted to determine technical 
aspects of laser welding of thick plate, restrained butt joints. Three 
specimens were used to measure laser penetration capabilities. The 
two remaining specimens were instrumented, and used to measure 
temperature changes and thermal strains which occurred during laser 
welding. The temperature and strain data was recorded and plotted 


for future use with computer programs currently under development. 


All experiments were conducted with HY-130 steel, a quenched and 
tempered steel under development by the U.S. Navy for future use in 
submarines. Laser power, as measured at the plate surface, was 


maintained at 12 KW. 


B. Technical Aspects of Strain Measurements 


Strain measurements were made on the surface of the metal plate 
by use of adhesive bonded, electric resistance strain gages. This 
method of strain measurement is a convenient and accurate method of 
measurement. The total resistance change in the strain gage, AR, 
consists of resistance changes due to mechanical strains and thermal 
strains in the specimen, as well as thermal strain and thermo-electric 
changes in the strain gage itself. The total resistance change can 


therefore be expressed as follows: 


AR = AR(e) + AR(p) + AR(t) + AR(g) C2) 
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where 
AR(e) = resistance change due to elastic strain in the specimen 
AR(p) = resistance change due to plastic strain in the specimen 
AR(t) = resistance change due to temperature induced thermal 
Strain in the gage 
AR(g) = resistance change due to thermal electric effects in the 


gage 


In studying the thermal strains due to welding, only AR(e) and 
AR(p) are of interest. Therefore, AR(t) and AR(g) must be separated 
out of the data obtained. Fortunately, the gage manufacture provided 
the necessary corrections throughout the temperature range considered. 
The corrections provided were in the form of a curve of apparent - 


strain (A.S.) versus temperature. Therefore, Equation (12) becomes: 


EAR(e) + EAR(p) = EAR — A.S. (13) 
Or. 
Ep = € 7 A~S. (14) 
where 
ep = total actual strain due to welding 
oa = measured strain 
A.S. = strain gage correction 
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C. Apparatus 


ily, Specimen Preparation 


All five specimens were made from one inch thick HY-130 plate. 
Specimen V measured 8" x 14 3/4", and was used for bead on plate 
welding and setting of welding parameters. Specimens I through 
IV consisted of two plates each, with each plate measured 5.5" 

x 14 3/4". Therefore, after welding, specimens I-IV measured 11" 
x 14 3/4". The weld joint configuration chosen for specimens 

I-IV was a flat butt joint. The plates were cut using a Kalamazoo 
horizontal band saw, with no additional edge preparation. The 
surfaces of the plate near the weld line were mechanically cleaned 
to remove potential weld contaminates. Specimen dimensions and 


weld direction are shown in Figure 13. 


2. Instrumentation 


Strain on the surface of specimens II and IV was measured using 
electric resistance strain gages. The gages were placed at varying 
transverse distances from the weld line, but at the same longitudinal 


position. A 90° pair of strain gages was installed at each transverse 
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Figure 13- LASER WELDING SPECIMENS I, Ii, III, and IV 
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position to allow the simultaneous measurement of both longitudinal 
and transverse strain. The strain gage specifications are shown in 
Table X. The curve of apparent strain versus temperature for these 
gages is shown in Figure 14. The apparent strain equation for this 
curve is: 

ig Dee: 


peice -91-37 + 2:71T — 2.33 x 10 -T 4+ 5.31 x 10 “T 


~ 2.40 x 10 °r" ~~5) 


Temperature was measured on the surface of the welding specimens 
by use of chromal/alumel adhesive bonded thermocouples referenced to 
32°F. The thermocouples were placed at transverse positions from the 
weld line corresponding to the transverse positions of the strain 
gages. In the longitudinal direction, the thermocouples were placed 
eminves, oO ahead of the center line of the strain gage pair. At the 
welding speeds used, the time difference between the laser spot passing 
the strain gages and then reaching the thermocouples was limited to 
less than a second. Therefore, the measured values of strain closely 
corresponded to the measured values of temperature. 

Temperature and strain were simultaneously read out on a twelve 
channel, continuous recording viscorder. Thermocouple and strain 


gage locations are shown in Figure 15. 


D. Experimental Procedure 


All welding was performed using a continuous-wave electric 
mnaustrial cO., laser. The multikilowatt capable laser and F-21 optics 
were made available for experimental welding by AVCO EVERETT METAL 


WORKING LASERS of Sommerville, Massachusetts. In all cases, Helium 
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Table X 


Strain Gage Properties 


Gage Designation FAET-12D-12-56 
Manufacturer BLH Electronics 
Grid Dimensions .127 inches 
Temperature Range -100 to 500°F 
Resistance 120 ohms 

Gage Factor Laer 


Cement EPY-500 
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Figure 15- THERMOCOUPLE AND STRAIN GAGE LOCATIONS ON HY-150 
SPECIMENS IT AND IV 
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shielding gas was provided by an off axis nozzle. Gas flow rate was 


200 CFH at 30 psi. Pre-heat was not provided prior to welding. 


Initial estimates of laser penetration were made using specimen V. 
Six bead-on-plate passes were made at varying welding speeds and beam 
focal lengths. At the completion of the 6 passes, the plate was cut 
and etched to determine the penetration associated with each pass. 
Table XI summarizes the results obtained with specimen V. Based on 
these results, the welding parameters used during the third bead-on- 
plate pass were also used for the remaining specimens, I-IV. Therefore, 
the welding speed for all remaining specimens was 30 inches per minute. 
Power, as measured on the work surface, was 12 KW. Electric power 


supplied to the laser was approximately 140 KW. 


Actual welding penetration was determined using uninstrumented 
specimens I and III. Each specimen was clamped in position on the 
work table and welded with a single pass. Joint gap was essentially 
zero at the start of welding. As expected with 12 KW of laser beam 
power, full penetration of 1'' was not achieved with a single welding 


pass. 


Based on the results obtained with specimens I, III, and V, two 
pass welding was utilized with specimens II and IV. The specimens 
were clamped to the work table prior to welding. The mechanical 
restraint imposed by the clamping resulted in measurable longitudinal 
and transverse strains at the strain gage locations. After recording 
these strains, the 8 visicorder strain channels were reset to zero 


in preparation for measuring thermal strains due to welding. 
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Table XI 


specimen V - Bead-on-Plate Welding 


Roca] Welding 
length On Work Speed Penetration 
(inches) KW (IPM) (inches ) 
SS wally 12 40 JOYS 
Boy 4 12 35 207 32 
S317 4 tz 80 2232 
ai) iz 40 19/32 
33 i ye 35 20/32 


33 12 30 Jedly S174 
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Metal shims were placed under the extreme ends of specimens II 
and IV prior to clamping to the work table. The shims provided for 
an air gap between the HY-130 plate and the metal work table over 
most of the weld length. This minimized the heat transfer to the 
work table. Tack welds at each end, and both sides, were made on 
specimen IV prior to welding. Specimen II was welded without prior 
tack welding. coon 

Welding pass #1 was made on the surface containing the thermo- 
couples and strain gages. The visicorder was actuated the moment the 
laser spot commenced welding. At the end of the weld line, laser 
power was terminated. The visicorder continued to record temperatures 
and strains continuously for 3 minutes, and then intermittently every 
minute until the specimens approached room temperature. When specimens 
cooled sufficiently, the clamping was released. Longitudinal and 
transverse strain changes due to releasing the mechanical Perea 
were recorded. 

Welding pass #2 was made by turning the welded plates and 
instrumentation over, and then reclamping. Strains due to clamping 
were recorded and visicorder reset to zero in preparation for welding 
pass #2. Temperature and strains due to welding were then recorded 
as done for the first pass. It should be emphasized that the specimens 
were instrumented on only one side. Therefore, the temperature and 
strains recorded for the second pass measured the effects of welding 
the opposite side of the plate. Since specimen II was not tack 


welded, the joint gap associated with the second pass was .020 inches. 
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Only very slight undercutting was experienced for the specimens not 
tack welded. 

The accompanying photographs show various aspects of the 

experimental welding. Photograph #1 presents a view of the work are. 
The 15 KW capable laser is located directly behind the plexiglass 
enclosure. The ducting seen in the upper right hand portion of the 
picture allows passing the laser beam to additional work areas. 
The welding specimen, work table, and hold down clamps are shown in 
the second photograph. The off-axis helium gas nozzle located just 
above the specimen can also be seen. The visicorder and associated 
instruments for recording temperatures and strains are shown in 


photograph #3. 
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Photograph #3- INSTRUMENTS USED IN THE RECORDING OF 


TEMPERATURE AND STRAIN DATA 
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CHAPTER VI 
EXPERIMENTAL RESULTS 


Pewelaser Penetration 


Specimen I was cut to determine the single pass penetration 
obtained with 12 KW of laser beam power. The penetration was found 
to be 23/32 inches. Cutting of specimen IV revealed the same results. 
Therefore, the potential exists for welding 1.5 inch thick HY-130 plate 
with 12-13 KW of beam power, using two welding passes, one from each 


side of the plate. 


B. Presentation of Temperature and Strain Data 

The experimental results are presented as temperature versus 
time, longitudinal strain versus time, and Eee eunrae strain versus 
time. The time axis refers to the time elapsed from the commencement 
of welding until the specimen cooled. Temperature is measured in 
degrees Fahrenheit. Longitudinal and transverse stains are presented 
in units of microstrain, which equals 10° ljoy sabre 

Figures 16-35 present the experimental results for HY-130 specimen 
Il. The strain measurements 4.25" from the weld line were minimal and 
therefore are not presented. The results obtained for specimen IV 
were nearly identical to those obtained with specimen II, and therefore 


are also not presented. The strain changes which resulted from 


clamping and unclamping specimen II are given in Table XII. 





Table XII 


Mechanical Imposed Strains on Specimen II 
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Figure 19- HY 130 SPECIMEN II, TEMPERATURE VERSUS TIME 


4,25" from WELD LINE, PASS #1 
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Figure 20- HY 130 SPECIMEN IT, TEMPERATURE VERSUS TIME 
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Figure 2l- HY 130 SPECIMEN II, TEMPERATURE VERSUS TIME 


1.25" from WELD LINE, PASS #2 
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Figure 24—- HY 130 SPECIMEN Ii, LONGITUDINAL STRAIN VERSUS 


TIM= ,50” from WELD LINE, PASS #1 
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CHAPTER VII 


WELDING COST ANALYSIS 


A. Motivation for the Analysis 


Currently, arc welding is a widely used process in the fabrication 
of steel structures. The process is versatile, easy to handle, and in 
many applications economical. High welding productivity with this 
process is often achieved by increasing the welding current. As can be 
seen from Equation (16) however, increasing the current also leads to a 
higher heat input. 


EUsoO 


KJ = ¥ 1000 re? 
where: 
KJ = heat input in kilojoules/in 
E = Arc voltage in volts 
I = Welding current in amperes 
V = Arc speed in inches/minute 


Higher heat inputs may in turn lead to increased distortion or deterio- 
ration of the welds. This is an extremely important consideration when 
welding higher strength steels. 

In order to insure adequate weld strength and fracture toughness 
with HY-130, the heat input must be limited to approximately 30-40 
kilojoules per inch, depending on the plate thickness [34]. This 
restriction on heat input greatly increases the number of welding passes 
required to join HY-130 plate in the thicknesses encountered in submarine 


Conceructrons | fable XIII, based on data taken from reference [35], 





Steel 


HT-60 
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Jobs JES, 


EBW 
GTA 
SMA 
GMA 


SAW 


Table XIII 


Number of Welding Passes Required 


Plate 
Thickness 


mn) 


1a 


ere 


Electron Beam Welding 
Gas Tungsten Arc 
Shielded Metal Arc 
Gas Metal Arc 


Submerged Arc Welding 


EBW 


GTA 


140 


50 


48 


80 


30 


a2 


25 


Gs 


SAW 


25 
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shows the number of welding passes required for various steels, using 
various welding processes. In addition, welding speeds are also very 
limited with arc welding of HY-130. The combination of multi-pass 
welding and relatively low weld metal deposition rates translates 
directly to increased production man hours and higher costs. 

An often expressed disadvantage of using advanced welding processes, 
such as laser and EB, is the hele initial costs of the equipment. Laser 
and EB welding processes however, possess the potential for welding 
thick HY-130 plate with only one or two welding passes, and at high 
welding speeds. In addition, both processes can be usilized without 
the need for HY-130 filler metal, the cost of which may be substantial. 
Therefore, with high strength steels, the utilization of laser or 
electron beam welding processes may be economically feasible. This 


analysis was motivated by that possibility. 


B. Limitations of the Analysis 

Admittedly, this analysis did not take into consideration every 
aspect of submarine construction as it relates to welding. A detailed 
structural design and production analysis would be an enormous under- 
taking for a single individual. The economic and technical impacts of 
adopting laser or EB welding processes would also vary from shipyard 
to shipyard, depending upon the production techniques used. This 
analysis therefore focused primarily on the costs directly associated 
with producing a required amount of welding. Specifically, the factors 
considered were welding man hours and labor costs, filler metal costs, 


shielding gas costs, and electrical power consumed. 








Ce Joint Preparation 


The welding requirements as established in Chapters III and IV 
consisted primarily of pressure hull plating butt welds, and the welds 
for fabricating the frames and joining them to the pressure hull. Table 
XIV lists the various welding requirements as a percentage of the total 
linear feet of welding. It is interesting to note that the frames 
comprise nearly 90% (in length) of the required welding. 

Butt welding with GMA and SMA processes require particular edge 
preparations. Figure 36 shows the recommended edge preparations for 
HY-130 butt welds [34]. Since the pressure hull thicknesses exceeds 
1.0", the 60° double V joint would be ree The weight of weld metal 
required for this type of joint is given in Table XV [36]. 

Fabrication and installation of the frames could be accomplished 
using fillet welds or T joints. To develop the full strength of a plate, 
a fillet weld leg would have to be on the order of 75% of the plate 
thickness. Full strength may also be obtained by double beveling the 
edge of the plate 45° and spacing the plate so that the root opening is 
1/8", allowing for full plate penetration [36]. As compared to a fillet 
weld, this joint provides for a 25% savings in weld metal for a 1” 
plate, and 44% for a 4" plate. Therefore, the double bevel joint 
configuration was chosen for this analysis. The weld joint is shown in 
Figure 37. The approximate weight of weld metal required for this 


joint is presented in Table XVI. 





Table XIV 


List of Welding Requirements 





Linear % of 
Weld feet POtass 
Pressure hull circular butt welds 3,409 8.65 
Pressure hull seam welds So7 . 86 
Hemispherical end closures Beco ae 
Total Butt Welds Sy /55) ie eT Oe 7 
Normal frame web to pressure hull 17,819 ES) 5 Ike: 
Normal frame web to flange 15 27, 42.41 
King frame web to pressure hull . 515 30 
King frame web to flange _ 426 py. 0S 
Total Tee welds Bo. 407 Fit oe) SITE 


Total linear feet of welding 39,440 ft 
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Figure 36- EDGE PREPARATIONS FOR HY-130 BUTT WELDS 








Table XV 


Weight of Weld Metal 60° Double V 


Reinforcement: 10% Width of Joint 


Plate Thickness Weight of weld metal 
(in) ips) Ppeonmjomme) 
il I teul 
1 1/8 Pape ly 
1 1/4 Zou 
3) 3 37509 
Ly Z Siro) 

L Set 4.12 
1 3/4 Eva leyd) 
2 eer 2/6. 
2/8 eaeye: 
2 1/4 PS Oe 
23/5 8.05 
21/2 omor 
we 15s o707 
2 3/4 16.50 


3 12.40 
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Figure 37- FULL STRENGTH T JOINT 





Table XVI 


Pull strencen & Jomme 


Plate Thickness Weight of Weld Metal 
(in) Gibs/Petcrejeoine) 
5/8 854 
ByA’ Ns 18) 

7/8 | 1.480 
1 1.860 
ieee) ISIS, 
1 1/4 2.740 
3) 3 3.240 
iy 2 32760 
1 5/8 4.360 
iL Be 4.990 
2 O50 
7 Ly 2 LOO 
21/4 7.800 
Vey R 8.730 
eae? 9.600 
2-5/3 10.500 
274 11.500 


3 13.500 





1O0r 
D. Filler Metal Requirements 


Baced on tne data in Tabie XV, 2.601 ibs. of weld metal per foot of 
weld is required for 1.25" thick HY-130 pressure hull plate butt welding. 
Table XVI shows that 1.15 lbs/ft is required for each T joint associated 
with the ./>° thick normal frame web, and 3.75 ibs/ft for each joint 
associated with the 1.5" thick King frame web. Table XVII summarizes 
the weld metal required. Shielded metal arc and GMA processes would 
required that approximately 24 tons of weld metal be deposited. It 
Should be noted that the frames account for nearly 81% of the total 
weight of filler metal required. 

E. Shielded Metal Arc Process 

Manual shielded metal arc welding, often referred to as stick 
electrode welding, is accomplished using flux covered electrodes. 

Tables XVIII, XIX, and XX list SMA welding procedures used by previous 
investigators [37, 38, 39]. As can be seen from the data, heat input 
is generally limited to 30-40 kilojoules per inch. Also, the number of 
welding passes required become quite high as plate thickness iereecsn 
Relatively recent information on HY-130 welding conducted by the Navy 
is presented in Tables XXI and XXII [40]. The SMA welding parameters 
used for this economic analysis were in part derived from this data. 

i Weld Metal Deposition Rate 

As determined previously, the amount of weld metal required for a 
pressure hull butt weld was 2.61 lbs/ft. Based on a mean circumference 
of 103.62 ft, 270.45 lbs of weld metal would be required for a single 


circular butt weld. The number of welding passes required was estimated 











Table XVII 


Filler Metal Requirements 


Total Linear 
Weld feet 


Pressure hull 
butt welds Se 955 


Normal Frames 34,546 
King Frames 941 


Total 39,440 


One long ton = 2240 lbs. 


OMe 


Weight of Filler Metal “an 
(tons) 

4.61 Jace 

17.74 7 Em 

Tee, 6216 

23.94 100 


: 
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SMA Welding Procedures for HY-130 Butt Welds 


Welding Parameter Specification 
Electrode “14018 
Electrode diameter (in) 5) 32255) 16 
Current (amps) 150 - 210 
Voltage (volts) 22. 
Preheat temperature (°F) 200 
Interpass temperature (°F) 200 
Maximum heat input (KH/in) BI 

Arc travel speed (IPM) 6-8 

Joint geometry Double V 60° 


included angle 


# 
Manufactured by the McKay Company. 
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Recommended SMA Procedures for Welding HY-130 


Preheat and Interpass Heat Input 
Plate Thickness (in) Temp. (°F) (KJ/in) 
Less than 3/8 not recommended 
Sy oimeluding 5/6 126-151 30 
Over 5/8 and including 7/8 151-200 35 
Over 7/8 and including 1 1/4 200-275 35 


Over 1 1/4 and including 4 225-300 40 





Table XX 


104. 


SMA Welding Parameters for Welding HY-130 in the Flat Position 


Prare 


Thickness 


(in) 


1/4 
5/16 
3/8 
Ey 2 


3/4 


Electrode 
Diameter 


(in) 


By es 
Sy 32 
oy S2 
Bow 


57 a4 


Voltate 
(volts) 


VEAP, 


ZZ 


yD 


PATS: 


225 


Current 


(amps) (IPM) 


160 


160 


160 


160 


160 


Travel 
Speed 


8-10 


8-10 


5-10 


8-10 


8-10 


Number 
one 


passes 
4-5 
4-5 
4-6 
6-7 


14-16 








Table XxI 
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SMA Welding Conditions for 1/4'' Thick HY-130 


Joint 

Position 

Filler Metal 
Amperage (amps ) 
Voltage (volts) 
Passes 

Travel Speed (IPM) 
Environment 
Preheat Temp (—F) 
Interpass Temp (°F) 


Heat Input (KJ/in) 


60° V groove, 1/8" gap 
Flat 


E14018, 5/32" diameter electrode 


125 DCRP 
Zoe = 30) 

3 
O29 ea LO. L 


gas + flux covering 
248 
ZOSe- soO7 


DOR ae je) 
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SMA Welding Conditions for 1/2" Thick HY-130 


Joint 

Postt lon 

Filler Metal 
Amperage (amps) 
Voltage (volts) 
Passes 

Travel Speed (IPM) 
Environment 
Preheat Temp (°F) 
Interpass Temp (°F) 


Heat Input (KJ/in) 


60° V groove, 1/8" gap 
Flat 
E14018, 5/32" Diameter electrode 
eZ 2 DCRP 
Jay) > @ Eh 
7 
7 


Gas + flux covering 


248 
LOSE OZ 
Zee 294 
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to be 24 to 27 passes. With an assumed welding speed of 6 inches per 
minute, the weld metal deposition rate was calculated to be 2.9 to 3.2 
lbs/hour. For the purpose of this analysis, a SMA deposition rate of 
3.0 lbs/hour was assumed to be a representative value. Table XXIII 
summarizes the SMA welding parameters selected for the economic 


analysis. Welding speeds were calculated from the heat input equation. 


2. Welding Man-Hours and Costs 


The number of arc hours required to deposit 24 tons of weld metal 


was determined from the deposition rate of 3.0 lbs/hr. 


W 


= ee 
oree Dp (17) 


where 


ee) 
il 


ao hours of actual arc time required 


We = weight of weld metal required, lbs. 


deposition rate, lbs/hr 


=, 
il 


The number of arc hours computed using Equation (17) was 17,920 
hours. However, in order to estimate the actual welding man hours 
required, an operating factor (OF) must be applied to the arc hours. 
The operating factor takes into consideration the down time between 
electrodes, including the time required to lift up the helmet, clean 
the slag off the weld, insert a new electrode into the holder, etc. 
The operating factor also takes into consideration the time the welder 
spends on coffee breaks, personal business at work, and training. 
Values of OF ususally range from .2 to .6, but may be higher for 


automated welding, or lower for construction field welding [41]. 





Table oun 


108. 


Selected Welding Parameters for HY-130 SMA Welding 


Plate Maximum Heat 
Thickness Input 
(in) Ce) ain) 
3/4 35 
ee) 4 By ieD 
iene) 2 Sie 


Welding Current - 125 amps DCRP 


Voltage - 30 volts 


Deposition Rate 


Welding Speed 


—(ibs/hr) PM) 
3.0 6.4 
SU. 6.0 
3.0 6.0 


Electrode - E14018, 5/32' diameter 
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Choosing the proper value for the operating factor is important 
since it has such a significant impact on cost. Unfortunately, obtaining 
production rates from commercial shipyards is difficult since they are 
kept confidential due to the competitiveness of the bidding process. 
Submarine welding is also very specialized welding, requiring stringent 
welder qualifications and non-destructive testing procedures. As much 
as 50% of a welders time can be spent in training for new qualifications, 
Or Lor Maintaining his current qualifications [42]. Therefore, the 
value of the operating factor appears to be on the low end of the usual 
range. An OF of .30 was assumed for this analysis. Actual man-hours 


were calculated from Equation (18). 


eee 
“h 7 OF ve 
where 
M = actual welder man-hours 
H = arc hours 
Bere 
OF = operating factor 


The welding man-hours were calculated to be 59,734 nours. 

The cost of labor must take into consideration hourly wages, 
benefits, overhead, and profits. A recent value of labor and overhead 
costs for the Charleston Naval Shipyard was determined to be $200 per 
8 hour man day, or $25/hr [42]. Table XXIV summarized corresponding 
data and remarks for commercial shipyards [43]. A good representative 
value for submarine welding labor and overhead costs appeared to be 
$25/hr. The labor and overhead costs were therefore calculated to 


be $1,493,350. 
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Table XXIV 


U.S. Hourly Costs of Welder 


il 2 3 4 5 
Benefits Overhead Profits 
Shipyard Base pay/hr 26% of 1 Se atone tL iO Or 2s LOL 
A $10.20 $2.65 $6.63 $1.94 $21.92 
B 8.98 233 6.73 1.80 19.84 
C 7.90 2205 5.92 1.59 LING 


The above are average costs of welders in U.S. shipbuilding yards. 
Benefits are fairly uniform, but overhead varies from about 52% 
to over 78% of base pay. A cost of $200 per day for a welder of 
specialized steels appears appropriate. 
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3. Electrical Power and Costs 

Table XXV shows typical electrical efficiencies for various welding 
equipment [44]. Arc power for the SMA welding parameters chosen was 
3.7/5 KW. Assuming an electrical efficiency of .65, 5.77 KW of power 
would be required while welding. Based on 17,920 hours of arc time, 
103 ,398.4 KWH would be consumed. Electrical costs for August 1978 were 
be0275 per KWH [44]. Corrected for 10Z inflation, the assumed current 
cost was calculated to be $.04125 per KWH. Total electrical costs 
were therefore calculated to be $4,265. It should be noted that the no 
load power consumption was neglected, but in reality would add to the 
electrical costs. 

4. Filler Metal Sosts 

With SMA welding, considerably more electrode consumption occurs 
than might be expected. In addition to determining the amount of 
weld metal deposited, compensation must also be made for loss of 
electrode material as shielding gas, slag, and splatter. Typical values 
of deposition efficiency are presented in Table XXVI [41]. The efficiency 
given for stick electrodes does not take into account the stub which 
is thrown away. This length of stub can vary from 2 to 4 inches, 
depending on joint configuration and shop practices. This analysis 
assumed a 2 inch stub, and a 5/32" diameter electrode length of 14”. 
Therefore, 14.3% of each electrode would also be lost due to the 
unusuable stub. The overall deposition efficiency was then calculated 
to be 50.7%. In order to deposit 24 tons of weld metal, 47.34 tons 


of electrode would be consumed. The total number of 14" long electrodes 











Table XXV 


Electrical Efficiencies 


d.c. welding generators 
aC. Peneracor 
Welding rectifiers 


Welding transformers 


45% 


65% 


Oa 


75% 


85% 


IZ. 





Table XXVI 


Deposition Efficiencies 


Stick-electrode welding 
Self-shielded flux-cored welding 
Gas metal-arc welding 


Submerged-arc welding 


OnG> 


O62 


On o2 


bbshe 


: 
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required would be approximately 505,344 electrodes. Current costs of 
E14018, 5/32" diameter electrodes was determined to be $3.28/1b 
[coe tne total cost for the filler metal was calculated to be 
say. 016. 
A summary of the factors considered in the SMA economic analysis 


are presented in Table XXVII. 


F. Gas Metal Arc Process 

Gas metal arc welding uses a continuous electrode wire for the 
filler metal, and an externally supplied gas for shielding. The process 
is either semiautomatic, using a handheld gun to which the wire is fed 
automatically, or fully automatic. Tables XXVIII, XXIX, and XXX list 
GMA welding procedures used by previous investigators [37, 38, 39]. 
The heat inputs are comparable to those for SMA welding. Tables XXXI 
and XXXII show the GMA welding procedures used by the Navy during 
testing of HY-130 welding [40]. The GMA welding parameters used for 
this economic analysis were derived from this data. 

1. Weld Metal Deposition Rate 

The wire feed speed used during the Navy testing was 210 IPM. 
Calculations indicated that the weld metal deposition rate at this wire 
feed speed was 10 lbs/hr if a deposition efficiency of .92 is assumed. 
This value corresponds to Figure 38, based on data presented in 
Reference [41]. Therefore, a GMA deppsition of 10 lbs/hr was assumed 
for this analysis. Table XXXIII summarizes the GMA welding parameters 
selected for the economic analysis. Welding speeds were calculated 


from the heat input equation. 





Table XXVIL 


Si 


Summary of SMA Welding Parameters and Costs 


Weld metal deposited 
Electrode 

Welding current 

Voltage 

Deposition rate 
Operating Factor 

Welding Man-hours 
Electrical Power Consumed 
Electrode required 

Labor and Overhead 
Electrical Power 

Piller Metal 

Labor and Overhead costs 
Electrical costs 

Filler Metal Costs 


totat Costs 


24 tons 

E14018, 5/32" diameter 
125 amps DCRP 
30 volts 

3.0 lbs/hr 

30 

Do oo 

103 ,398.4 KWH 
47.34 tons 
S25 tir 

$.04125 per KWH 
Sgeco per Lb: 
See so 
[4260 

$347,816 


$1,845 ,431 
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Table XXVIII 


GMA Welding Procedures for HY-130 Butt Welds 


Welding parameter Spee mmc deren 

Electrode * L140 

Electrode diameter (in) 1/16 

Current (amps) 285 = 330 

Voltage (volts) 28 - 29 

Preheat Temp. (°F) 225 

Interpass Temp. (°F) 225 

Maximum heat input (KJ/in) a5 

Arc travel speed (IPM) 13 - 14 

Joint geometry Double V 60° included 
angle 


Shielding gas AE Qone= 24 0, 





bb ta fo 


Table XXIxX 


Recommend GMA Procedures for Welding HY-130 


Preheat and 


Plate Thickness Interpass Temp. Heat Input 
(in) (oe) (KJ/in) 

pe to 3/6 not recommended 

3/8 and including 5/8 126 - 151 35 


Over 5/8 and 
including 7/8 15 l= 200 40 


Over 7/8 and 
including 1 1/2 200 - 275 45 


Over 1 1/2 Vijay = 610,8 50 





Table XXX 


GMA Welding Parameters for Welding HY-130 in the 


Flat Position 


Plate Electrode Travel 

Thickness Diameter Voltage Current Speed 
(in) (in) (volts) (amps) (IPM) 
1/4 .045 255 220 mi 
B38 045 26.0 270 10 
ee. SORES 2520 270 2 
By a Ons IAS) Ae) 270 10-14 


Shielding gas - 98% Argon/2Z 0, 


Jaber 


Number 
of 


passes 


TRO SUL 





Table XXXI 
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GMA Welding Conditions for 1/4" Thick HY-130 


Joint 

Position 

Filler Metal 
Amperage (amps) 
Voltage (volts) 
Passes 

Travel Speed (IPM) 
Wire Feed (IPM) 
Environment 
Preheat Temp (°F) 
Interpass Temp. (°F) 


Heat Input (KJ/in) 


60° V groove, 1/8" gap 
Flat 

140S, 1/16" diameter 
300 DCRP 
22.5 0=024,0 

3 

Zee S 

210 
ATECORE toy, 0, 
248 


203-302 


IS) Rs: 











Table XXXII 
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GMA Welding Conditions for 1/2" Thick HY-130 


Joint 

Hosttion 

Filler Metal 
Amperage (amps) 
Voltage (volts) 
Passes 

Travel Speed (IPM) 
Wire Feed (IPM) 
Environment 
Preheat Temp (°F) 
Interpass Temp (°F) 


Heat Input (KJ/in) 


60° V groove, 1/8" gap 
Flat 
1408S, 1/16" diameter 
300 DCRP 
Fa RS oe IEE. 
5 
Lk = ILS) 
2A) 
Argon + 2% 05 
248 
ROIS) = S{G i 


8) 6 Sh ee are 
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Figure 38= GMA DEPOSITION RATES 








Selected Welding Parameters for HY-130 GMA Welding 


Plate 
Thickness 
(in) 
By 4 
ely 4 


iiepleye2 


Welding Current 
Voltage 
Electrode 


Wire Feed 


Table XXXIII 


Maximum 
Heat Input 


(KI/ in) 


35) 
Sy ee, 


Sy) 


300 Amps DCRP 


24 volts 


Deposition 


Rate 


(Lbs/hr) 


IG) 50. 


LO 30 


LO 0 


L140 wire, 1/16" diameter 


eNO) Mh 


Vn 


Welding 
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Ze Welding Man-hours and Costs 


The number of arc hours required was determined in the same manner 
as for SMA welding using Equation (17). The number of arc hours cal- 
culated was 5,376 hours based on a deposition rate of 10 lbs/hr. An 
assumed operating factor of .40 was assigned to semiautomatic GMA 
welding. The total welding manhours required were therefore calculated 
to be 13,440 hours. The labor and overhead costs were in turn cal- 
culated to be $336,000 based on $25/hr. 

3. Electrical Power and Costs 

Arc power for the GMA welding parameters chosen is 7.20 KW. 
Assuming an electrical efficiency of .65, 11.08 KW of power would be 
required while welding. Based on 5,376 hours of arc time, 59,566 KWH 
would be consumed. At $.04125 per KWH, the cost of electricity was 
calculated to be $2,457. As with SMA, no load power consumption was 
neglected. 

4. Filler Metal Costs 

The deposition efficiency for GMA welding was assumed to be .92. 
In order to deposit 24 tons of weld metal, 26.1 tons of electrode would 
be consumed. Current costs of L 140, 1/16" diameter, electrode wire 
was determined to be $7.36 per 1b [45]. The total cost for the filler 
metal was calculated to be $430,295. 

>. Shielding Gas Costs 

Shielding gas flow rate for GMA welding usually varies from 40 to 
60 CFH [41]. A flow rate of 50 CFH of Argon + 2% 0, was assumed for this 


Z 


analysis. Based on 5,376 hours of arc time, the total amount of gas 





“= 





2G. 
required was computed to be 268,000 eo The current cost of Argon + 


27, 0, was determined to be $.0696 per £t> [46]. The cost of shielding 
gas was calculated to be $18,708. 


A summary of the factors considered in GMA welding are presented 


in Table XXXIV. 


G. Laser Welding Process 


The laser welding parameters chosen for this analysis were based 
on the experimental welding carried out by this author, and as outlined 
in Chapter V and VI. The welding parameters are summarized in Table 
XXXV. 

1. Welding Man-hours and Costs 

Pressure hull welding and King Frame installation would necessitate 
2 welding passes per welding joint with 12 KW of beam power. As 
previously calculated; these joints amounted to 4,894 linear feet of 
welding. At a welding speed of 30 IPM, and with 2 pass welding, 65.25 
hours of welding time would be required to complete these welds. The 
normal frames were assumed to be welded with one welding pass and 
12 KW of beam power. The normal frames account for the 34,546 linear 
ft. of remaining welding. At a welding speed of 30 IPM, and with 1 
pass welding, 230.31 hours of welding would be required to complete 
the normal frames. The total actual required welding time was therefore 
calculated to be 295.56 hours. These hours represent laser beam hours, 
the equivalent of arc hours for SMA or GMA welding. 

Laser welding is a highly automated method of welding. The 


operating factor would therefore probably be quite high. For the 
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Summary of GMA Welding Parameters and Costs 


Weld Metal Deposited 
Electrode 

Welding Current 

Voltage 

Deposition rate 
Operating factor 

Welding Man-hours 
Electrical Power Consumed 
Electrode required 
Shielding Gas required 
Labor and Overhead 
Electrical Power 

Filler Metal 

Shielding gas 

Labor and Overhead costs 
Electrical Power costs 
Filler Metal costs 
Shielding Gas costs 


Total Costs 


24 tons 
L 140, 1/16" diameter 
300 amps DCRP 
24 volts 
OOP ibsy bx 

40 
13,440 
59,566 KWH 
26 tons 
268,800 ft 
S25) Ne. 
$.04125 per KWH 
$7.36 per lb. 
$.0696 per ft? 
$336,000 
SRY 
430,295 
s13,/08 


$787,460 








Table XXXV 


Laser Welding Parameters for HY-130 


irate Beam 

Thickness Power 

oer ot eee (KW) 
Bye 2 

iy es eZ 

eel 2 V2 


KW into 


Laser 


140 


140 


140 


Shielding gas - 200 CFH of Helium 


Number 
of 


passes 
I 


2 


Zr 


Welding 
Speeds 


(IPM) 


30 


30 


30 
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purpose of this study, an operating factor of .70 was assumed. With 
this value of OF, the man-hours required were calculated to be 422. In 
turn, labor and overhead costs were determined to be $10,550. 

2. Electrical Power and Costs 

The power requirements for obtaining 12 KW of beam power on the 
weld joint are in reality much higher, approximately 140 KW. The 
laser has an efficiency of 10% resulting in a beam output of 14 KW. 
Losses occurring with the external optics account for another 2 KW. 
Based on the 140 KW power requirements and 295.56 hours of beam time, 
approximately 41,378 KWH would be consumed. At $.04125 per KWH, the 
cost of electricity was calculated to be $1,707. 

3. Shielding Gas and Costs 

With a helium shielding gas flow rate of 200 CFH, 59,112 ee would 
be required for 295.56 hours of welding. The current cost of helium gas 
was determined to be $.0942 per Be [46]. The cost of shielding gas was 
calculated to be $5,568. 

A summary of the factors considered in laser welding are presented 


in Table XXXVI. 


H. Electron Beam Welding Process 


Data on previously accomplished electron beam welding of HY-130 is 
presented in Table XXXVII. The 1" thick plate welding was completed 
ByecGoneybear 12). Welding conditions for the 1/4" and 1/2" plate 
—_ taken from reference [40]. The EB welding conditions chosen for 


the economic analysis are shown in Table XXXVIII. Although EB guns with 


much higher power capabilities are available, 12 KW was chosen in order 





Zon 


to provide a comparison to the laser results. The welding speeds 
associated with the chosen EB parameters do not vary significantly 

with those for 12 KW of laser power. However, EB welding is accomplished 
in one welding pass for all the plate thicknesses encountered due to the 
greater penetration capabilities of the electron beam. 

1. Welding Man-hours and Costs 

Based on the welding speeds in Table XXXVIII, the 1.25" pressure 
hull would be welded at 26.6 in/min, the King frames at 21.8 in/min, and 
the normal frames at 37.9 in/min. The hours required to complete these 
weld joints were calculated to be 29.72 hours, 8.63 hours, and 182.3 
hours respectively. The total welding hours were therefore calculated 
to be 220.65 hours. Again, these hours represent electron beam hours, 
the equivalent of arc hours for SMA or GMA welding. 

Electron beam welding is a highly automated welding process. 
However, this author estimated that the operating factor for electron 
beam welding would be somewhat less than that used for laser welding 
due to the pump down time required to obtain the high vacuum required 
for electron beam welding. For the purpose of this analysis, an 
operating factor of .50 was assumed. With this OF, the man-hours 
required were calculated to be 441 hours. In turn, labor and overhead 
costs were determined to be $11,025. 

2. Electrical Power and Costs 

This analysis assumed that the EB welding unit and power supplies 
had an electrical efficiency of 65%. Therefore, 18.5 KW of power would 


be required to obtain 12 KW of beam power. The total electrical power 
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Summary of Laser Welding Parameters and Costs 


Linear feet of 2 pass welding 
Linear feet of 1 pass welding 
Laser input power 

Beam Power 

Welding speed 

Operating factor 

Welding man-hours 

Electrical power consumed 
Shielding gas required 

Labor and overhead 

Electrical power 

Shielding gas 

Labor and overhead costs 
Electrical power costs 
Shielding gas costs 


otal costs 


4,894 ft 


34,546 ft 


140 KW 
12 KW 

30 IPM 

.70 

422 

41,378 KWH 
59,112 ft” 
$25/hr 

$.04125 per KWH 
$.0942 per f£t> 
$10,550 

$1,707 

$5,568 
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Table XXXVIIL 


HY-130 Electron Beam Welding 


Thickness Beam power Welding speed 
Cin) (KW) (IPM) 
1/4 Tee ole 70 
1) 8 = 9.6 50 


I 6.75 1s) 


165), 8) 


Heat Input 


(KJ/in) 


6/35 
SPA loys a AL 7g )5. 


oy 
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Table XXXVIII 


DeUcCclCQm oe Nelaiie faraneters £Ob Hy) 130 


Thickness Beam Power Welding Speed Heat Input 
(in) (KW) (IPM) (KJ/in) 
3/4 12 SW, 19 

yee 12 26-6 aes 


ee Lee iL 7a By 
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Table XXXIX 


summary of EB Welding Parameters and Costs 


Linear feet of welding at 26.6 IPM 941 ft 
Linear feet of welding at 21.8 IPM 3.954 fe 
Linear feet of welding at 37.9 IPM See Omen 
EB input power 120 KW 
Beam power 12 KW 
Operating factor 20) 
Welding Man-hours 441 
Electrical power consumed 8,159 KWH 
Labor and overhead 625) iar 
Electrical power §.04125 per KWH 
Labor and overhead costs Silos 
Electrical power costs Soay 


Total costs Sel 362 





Ue aye 


consumed was calculated to be 8,159 KWH. At $.04125 per KWH, the cost 
of electricity was in turn calculated to be $337. 
A summary of the factors considered in EB welding are presented 


in Table XXXIX. 


I. Comparison of Welding Costs 


Table XL shows a comparison of the calculated welding costs for the 
4 welding processes considered in this analysis. The economic impacts 
of labor and filler metal costs as calculated for SMA and GMA processes 
are quite significant. A cost not considered in this analysis was 
equipment costs. These costs are very high for EB and laser, on the 
order of 450-500 million dollars. However, as can be seen from Table 
XL, the costs of filler metal alone for GMA and SMA is approaching the 
costs of laser or EB welding units. Also, this analysis was based on 
the need for depositing 24 tons of weld metal. An analysis for larger 
submarines, such as Trident, would undoubtedly result in even greater 


differences between SMA and GMA welding costs as compared to laser or EB. 
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CHAPTER VIII 


RELIABILITY CONSIDERATIONS 


Chapter VII established that significant potential exists for 
reductions in fabrications costs using laser or EB welding processes. 
However, economic consideration is but one aspect of the total impact. 
A welding process must also be capable of producing reliable welds. 
This aspect is crucial when dealing with critical structures such 
as submarines. The weld joint must possess adequate tensile properties, 
fracture resistance, hardness, etc. An assessment of these factors 
for SMA, GMA, EB, and laser welding of HY-130 was made by the Naval 
Research Laboratory [40]. Their investigations were made on 1/4" and 
1/2" thick HY-130 plate. Tables XLI-XLV summarize their results. 

Both laser and EB welding processes appeared capable of producing 
satisfactory welds. Of particular note was the fracture toughness 
of the laser weldments. Laser weld joint fracture energy values 
were found to be 94.5 to 97.7 percent of those of the base plate. 
Another aspect of reliability, and not covered in this study, 
is joint fitup. In the final analysis, it may turn out to be the 
most difficult factor to solve. Most laser and EB welding has been 
carried out with essentially zero gap fitup on relatively small 
specimens. The ability to provide the required close fitup tolerances 
for large structures, and to maintain the fitup while welding is yet 
to be proven. The ability to maintain the proper alignment of the 


welding beam with respect to the weld joint also needs to be assured. 





236. 


With the relatively high welding speeds anticipated with laser or EB 
processes, improperly maintained welding parameters, even for a short 
period of time, could result in the entire weld being unsatisfactory. 
Not withstanding the above remarks, the advanced processes also 
possess the potential for increased reliability. Through the use of 
extensive automation, they could reduce the effects of the human 
factors involved such as worker attitude, fatigue, or other job related 
influences. Also, process controllers for laser welding already exists 
which are capable of precisely controlling the temperature of the work 
surface [47]. These controllers utilize an optical system which 
monitors the temperature of the work surface, and feeds the data back 
to the power control system to maintain a preset surface temperature. 
Therefore, increased reliability may be achieved through precise time 


and temperature control of the work surface heating. 
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Table: XULEL 


Fracture Resistance Data of 1/4" Thick 
HY-130 Weldments 


DT Energy Average DT 
Range Energy Range 
Specimens (ft-lb) (ft-1b) 
Base metal 342.0—415 .0 391.0 
SMA Weld Joint 293 .0-358.0 Saks 10) 
GMA Weld Joint 2040-305 .0 285.0 
EB Weld Joint 273.0-307.0 DevIA®) 
# 
LB Weld Joint Bo le O=44 7.0 Boz a0 


* 
Not preheated. 
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Table XLIV 


Fracture Resistance Data of 1/2" Thick 
HY-130 Weldments 


DT Energy Average DT 
Range Energy Range 
Specimens (lee) (ita ib) 
~Base’ Metal 759.0-881.0 804 .0 
SMA Weld Joint 47 50-5 00).0 524 .0 
GMA Weld Joint 420.0-663.0 55.0 
EB Weld Joint 536.0-/739.0 662.0 
“LB Weld Joint 567.0-948.0 760.0 


x 
Not preheated 
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Fracture Resistance Assessment of 1/4" and 1/2" 
Thick HY-130 Weldments 


Weld Percent Equivalence to Base Metal 
Joint 1G? ya 

SMA 85.4 ea) 5 

GMA (Paes, 64.0 

EB 73.4 o2.3 

# 

LB oT 94.5 


* 
Not preheated 
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CHAPTER IX 


CONCLUSIONS AND RECOMMENDATIONS 


The results of the experimental work indicated that the potential 
exists for two pass welding of 1.5" thick HY~130 plate with 12-13KW of 
laser beam power, and at a welding speed of 30 inches per minute. The 
plots of temperature and strain data as measured during laser welding are 
qualitatively quite similar to that obtained for EB welding as conducted 
by Coneybear [12]. Unfortunately, the development of the multidimension- 
al computer programs for predicting temperature changes and transient 
thermal strains occurring during welding had not progressed to completion 
in sufficient time for testing. Personnel involved with the computer 
program development estimate that it will be available for use early 
this summer. I recommend that initial testing of the program be 
accomplished based on the laser welding parameters and results outlined 
in this study. A unique factor supporting this recommendation is that 
the beam power on the work surface was measured. With other welding 
processes, including EB, an estimate of efficiency must be made to 
account for the power losses occurring between the power source and the 
work surface. Knowledge of the actual power transferred to the work 
surface eliminates a variable input to the computer program, and should 
provide for more accurate testing of the program. 

The economic analysis comparing the four welding processes indicated 
that a significant potential exists for reducing fabrication costs using 
laser or EB. Although the absolute value of the cost figures arrived 


at might vary depending upon the investigator, assignment of operating 





Sas 
factors, or other considerations, it is the relative difference between 
Bue welding CoSts which 1S truly significant. Labor costs for SMA are 
much higher due to low weld metal deposition rates. Although labor 
costs are substantially reduced for GMA welding relative to SMA, the 
filler metal costs are higher. In fact, for both SMA and GMA, the cost 
of HY-130 filler metals alone are approaching the current cost estimates 
for a 15KW industrial co, laser. 

This author also gave some consideration to the relative merits of 
laser welding versus EB welding for submarine construction. When 
considering the thick pressure hull, the electron beam process initially 
appears ideal due to its deep single pass welding penetration capabilities. 
However, as determined in this study, thick pressure hull welding only 
accounted for a small percentage (10%) of the total welding considered. 
The remaining 90% of welding was comprised of frame construction and 
installation, using plate thicknesses substantially less than the 
pressure hull. Based on a discussion with Dr. Terai of M.I.T., EB 
welding does not appear suited to this welding requirement. The 
difficulty arises due to positioning problems with the EB gun in order 
to obtain a straight line of sight between the electron beam and the 
weld joint. Therefore, magnetic forces would have to be applied to 
curve the beam into the joint, complicating alignment procedures. In 
contrast, laser welding utilizes external optics which can direct the 
beam to inaccessible spots. Fillet welding is accomplished by directing 
the beam at a slight angle to the weld joint. The beam then tracks 


along the interface of the metal, completing a full penetration weld 
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in one or two passes, depending on the plate thicknesses involved. The 
laser welding process therefore appears more adaptable to submarine 
construction than the electron beam process. This author recommends that 
further experimental work be conducted with laser welding of HY-130 
T joints to precisely determine penetration capabilities and distortion 
effects. 

In summary, recommendations for further study include the following: 

1. Compare the experimental results with predictions of a multi- 
dimensional computer analysis upon completion of the program development. 

2. Conduct a residual stress analysis of the weldment. 

3. Conduct a metallurgical characterization study of the weldment 
to complement the study by Stoop and Metzbower [40]. 

4. Conduct laser welding experiments with HY-130 T joints to 


determine welding parameters and distortion effects. 
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APPENDIX A 


TEMPERATURE AND STRAIN DATA 
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80 

76 
LOO 
1S 
120 
130 
140 
esi 
160 
EO 
180 
240 
300 
360 
420 


Temp. 
CF) 
Teo 
260 
245 
233 
225 
ZG 
210 
ZO3 
Loy 
ae) 
188 
183 
180 
178 
Lod 
152 
143 
5 


ila tee 





Time 


(sec) 


iG 
VW 
13 
14 
15 
16 
17 
JS) 
ie 
20 
zal 
Ze 
23 
24 
Zs 
26 
rae 
28 
IA 


Temp 
CEE. 
73 
28: 
100 
ies 
LO? 
109 
107 
1O7 
106 
106 
106 
108 
INES: 
al 
RS 
11s 
121 
25 
130 
133 


Time 
(sec) 


30 
31 
32 
33 
34 
35 
36 
BF 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 


Has Coe EG TMEN SEL 
TEMPERATURE 1.25" 
WELDING PASS # 1 


FROM WELD LINE 


Temp 
Cae): 
136 
140 
143 
146 
149 
lino 
155 
158 
160 
162 
164 
166 
168 
170 
172 
173 
ss, 
17/6 
177 
178 


Time 


(sec) 


aS ae 





HY-130 SPECIMEN II 
TEMPERATURE 2.25'' FROM WELD LINE 
WELDING PASS # 1 


Time Temp Time Temp Time Temp 
0 73 30 19 50 88 
10 80 Sil i) 60 96 
eZ 82 oye WS) 70 OS 
13 82 3h8 e, 80 ible 
14 82 34 eS, 90 118 
15 81 3») 79 100 ZZ 
16 81 36 aS 110 75 
ing 81 Sy es AAC) 128 
18 81 38 79 136 Zo 
Ike 81 Sy) 80 140 io 
20 82 40 80 1518) 133 
Zt 82 41 oll 160 134 
22 82 42 81 170 AS 
23 82 43 82 180 i 3. 
24 81 44 83 240 S32 
Za ol 45 84 300 32 
26 80 46 84 360 130 
pay 80 47 85 420 Ia 
28 TES: 48 86 


Za ie, 49 87 





154. 


HY=130 SPECIMEN IT 
TEMPERATURE 4.25'' FROM WELD LINE 
WELDING PASS # 1 


Time Temp Time Temp Time Temp 
O jis 30 76 50 74 
10 73 31 76 60 74 
12 72 BZ 7) 70 74 
ic 76 25 Us 80 io 
14 70 34 Us, 90 76 
5 76 he iD 100 7/ 
16 76 36 75) 110 78 
iby 76 BF) 75 120 (es 
18 76 S36) 74 130 80 
1 76 Sg 74 140 82 
ZO 76 40 74 130 83 
Za 76 41 74 160 85 
22 76 42 74 70 87 
ZS 76 43 74 1380 88 
24 76 44 74 240 96 
25 76 45 74 300 102 
26 76 46 74 360 107 
21 76 47 74 420 TOG 
28 76 43 74 


29 76 49 74 





Time 


(sec) 


O 
10 
eZ 
les 
14 
15 
16 
ey 
18 
Ike, 
20 
Zu 
Z2 
25 
24 
DS 
26 
ray 
28 
oS 


Temp 
13D) 
103 
103 
13 
ING s: 
eS 
108 
Hees 
33 
eS 
168 
188 
203 
218 
Zod 
243 
BSE 
265 
Zs 
231 
288 


Time 
(sec) 


30 
Bil 
a2 
53 
34 
55 
36 
57 
36 
2, 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 


HY-130 SPECIMEN II 
TEMPERATURE .50"' FROM WELD LINE 
WELDING PASS # 2 


Temp 
oD) 
293 
NaN) 
Son 
303 
S105 
308 
Sybde 
Baez 
B22 
B22 
Gaus: 
Sys 
a3 
Suez 
S12 
eile 
Sik 
309 
308 
306 


Time 
(sec) 


180 
240 
300 
360 
420 


1555 


Temp 
ee) = 
303 
293 
Adie, 
268 
258 
Haat 
243 
235 
232 
228 
2235 
218 
vals 
Drei: 
3 
183 
IU AS: 
Tess 





Time 


(sec) 


10 
E 
ae) 
14 
1 
16 
Ly 
ils 
ike) 
20 
Zi 
Zo 
Zz 
24 
1S) 
26 
Zi 
28 
Zo 


Temp 
a: 
led: 
iE 
nae 
gira 
111 
iLILIL 
EZ 
ee? 
NEES 
a3 
114 
116 
118 
1Z0 
25 
19 
eS 
1s 7 
141 
146 


Time 
(sec) 


30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 


HY-130 SPECIMEN II 
TEMPERATURE 1.25" 
WELDING PASS # 2 


FROM WELD LINE 


Temp 
(°F) 


iby 
156 
160 
165 
169 
ge 
I 
180 
fos 
oy 
IIe. 
ILS)s 
196 
IL Sks: 
200 
203 
205 
207 
209 
xia 


Time 
(sec) 


50 

60 

70 

80 

90 
100 
110 
20 
130 
140 
He@) 
160 
IL/10 
180 
240 
300 
360 
420 


Temp 
(28) 


ZaZ 
222 
225 
Zo 
Vb fa 
Doe 
Mad, 
JAH 
214 
ZEZ 
210 
208 
Zo» 
203 
To 
183 
176 
los 


DO: 





Time 


(sec) 


10 
bys 
is 
14 
i 
16 
17 
18 
ig 
20 
Zk 
LZ 
23 
24 
ys, 
26 
Za 
28 
29 


Temp 
(23), 


108 
108 
108 
108 
108 
108 
108 
108 
108 
108 
108 
108 
108 
108 
108 
108 
108 
109 
109 
109 


Time 
(sec) 


30 
aul 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
4,3 
dt 
45 
46 
47 
48 
49 


Hi=130 SPECIMEN 11 
TEMPERATURE 2.25"' FROM WELD LINE 
WELDING PASS # 2 


Temp 
cm). 
110 
110 
iisak 
SOE 
je 
Thiky 
eZ 
BSS, 
114 
114 
ES 
JLSES) 
116 
116 
117 
HES 
ILS 
Zo 
sLZ IL 
We 


Time 


(sec) 


30 

60 

70 

80 

90 
100 
120 
120 
130 
140 
156 
160 
170 
180 
240 
300 
360 
420 


Temp 
Ge 


ILS) 
133 
140 
147 
IES) 
158 
160 
los 
165 
167 
168 
169 
169 
170 
168 
165 
oak 
156 





Time 


(sec) 


10 
eZ 
13 
14 
ILS 
16 
17 
18 
ILS 
20 
21 
ZZ 
Za 
24 
7 
26 
27 
28 
Zo 


Temp 
Ce) 


Jue?) 
EO? 
109 
C9 
109 
EOS 
EOS 
FO? 
109 
109 
eg 
109 
109 
109 
ro? 
109 
ho? 
109 
109 
109 


Time 
(sec) 


30 
Syl 
BZ 
33 
34 
35 
36 
ay) 
38 
39 
40 
41 
42 
43 
44 


~ 45 


46 
47 
48 
49 


HY-130 SPECIMEN II 
TEMPERATURE 4.25'| FROM WELD LINE 
WELDING PASS # 2 


Temp 
) 


109 
HO9 
ILO, 
ies 
109 
109 
ILO} 
109 
OO 
109 
LO9 
Cg 
109 
109 
109 
109 
Ieee, 
109 
109 
nO? 


Time 
(sec) 


50 

60 

70 

80 

90 
100 
110 
120 
130 
140 
150 
160 
170 
180 
240 
300 
360 
420 


Temp 
ice 
109 
109 
109 
109 
SE TEIL 
lee 
sLIES, 
114 
115 
LAL 
RIES 
EIU, 
ihez aL 
ys 
129 
133 
138 
142 


Jess): 





Time 


(sec) 


10 
Ike 
iL: 
14 
IL, 
16 
ys 
18 
Ie 
20 
Pal 
22 
8) 
24 
a 
26 
27 
28 
29 
30 
or 
De 
55 
34 
35 
36 
a7 
38 


Temp 
Koes 
ge 
83 
ao 
103 
143 
ZL 
tag gs: 
343 
378 
593 
400 
401 
Bao 
S05 
oo 2 
388 
384 
361 
375 
BWA 
364 
360 
S58) 
348 
342 
S816 
552 
326 
B22 


His i3O) SEECIMEN If 
LONGITUDINAL STRAIN ,50"' FROM WELD LINE 
WELDING PASS #1 


Measured 
Si cleslie 


(ue) 


0 

= 00 

= 4S 

-150 

eu 

-600 

=i 0 
= 1eei0 18) 
el Ey/ 318) 
=o 
+1650 
S00 
S00 
She se 
=1625 
-1600 
= 590 
=E590 
=1573 
158, 
eS 
LS 00 
-1475 
-1450 
-1400 
=13/9 
Slayer) 
= 1500 
al WP ns 


Correction 


factor 


(ue) 


@ 


=6 1 
=e 
-84 
=94 


EOFs: 
=i 
=i 


2.0 
ney 
054 
5 JL 
06 


se) 
48 
a6 
See: 
-63 
-06 
RoW 
Ie, 
42 
14 
no 
sO/ 
SLUG, 
oS 
-48 
fal 
Ole: 
14 
HOG 
=I'G2. 
SOS, 
jane 
5S, 


95 


Poo 


ACEWaL 
strain 
(ue ) 
2 
SINCE 5 2 7 
=n) 
S15) 5 8)8) 
TGs O6 
ee) 
=VLO9202 
pall O17) 6 5) 
=e ey, 
S85 SYs) 
=e om 
=l52 2.00 
=e od 
6 Gis 
-1647 .42 
-1610.14 
= LSieie' 5 Sle, 
ey ee 
—11543.90 
lio or 
~14/72.52 
-1438.388 
= 39 oo 2 
poll 2iG5) Sele 
—1305 04 
= yee 
Ste Ab 
malloc fal, 
pl bs Ss) sail 





eG" 
hi ee sol EG iin LE 


LONGITUDINAL STRAIN .50" FROM WELD LINE 
WELDING PASS #1 


(Cont 'd.) 
Measure Correction Actual 
Time Temp strain Lactor strain 
See): GE) (ue) (ue) (te) 

aS oly =1250 = 24s oo —M125..45 
40 odes al 525) TE SS = 109 (eu 
41 309 ap ALES, ll VO) =1059 2u6 
42 305 LIL sls) Sync 25 0) =lO1l6760 
43 302 eel25 = SOF =IGo a> 
44 298 =LLO@ =I 367 =J65.05 
45 7a |S) 10'S) lise) 5 IL =930404 
46 292 OS, =139 ae =910-266 
47 289 =1O25 =o oS 1503 8) HO, 
48 286 SILGHLS) =O 258 —-874 .47 
49 Zo5 -1000 =O oo =O ma 
50 281 =e ie) Se, Senha 2/8) 
60 260 3100) ell Sieg Jae —(e) 7 ihe 115 
70 245 -700 =131555 SSS) 
80 FEES) -600 SPA = hl Ouaey 
90 225 -500 Slee 22 =363./8 
100 ZG -450 =I) Hal se Ro be at Ge 
110 210 -400 OA. / 2 295 
ZO 203 =a 50 Ong © = 2524 
130 oF S500 1 ts =Z0omOF 
140 192 =290 aielern Vie -163.24 
150 188 =i ae = 15/545 3) =142745 
160 183 = UO, aT 76 Ihe of i 
170 1&0 =200 SA 10) Oy 
180 178 =L9O we lene ys mealies 18: 
240 161 ="50 =935 594 3.54 
300 Hea 10 ys alll Bere aL 
360 143 60 = 5100 35 (Ge 
420 1S) 100 =27 209 127 a9 








1l6l. 


HY-130 SPECIMEN II 
LONGITUDINAL STRAIN 1.25'' FROM WELD LINE 
WELDING PASS # 1 


Measured Correction Actual 
Time Temp strain jaz ke Gf) g strain 
KSeq ee): (ue) (ve) (ue) 
O 13 O Pappas —2.20 
Ike o)S 70 05 oes 
eZ 100 200 =2.0m ZOZ. 67 
ik IONE 216 = i 214-11 
14 7 230 =O 26 236.26—--~ 
is) Gg 305 ae ae aes 6) 
16 IO, 350 oh) CALS 350 =20 
Ly) LOW 370 le) = 2415) S76.76 
18 106 2510 =a) a 355 <0 
ig 106 320 =U) 325.0 
20 106 300 co ey 505270 
jai 108 280 Soo 286.84 
ZZ L146, 260 aoe 268.04 
23 LIL 240 =) a), 249.30 
24 i> ZO —ILIL B10) pxpadlig S10) 
Z5 118 170 =13.43 183.43 
26 121 ILANG) IL) 66) 7 IeeaS) ee 
Zi 125 2,5, lis: 31633 73293 
28 36 5) io) (01) 138.03 
29 133 = 310; =2500 4.32 
30 136 0) Seve AL ele 
OL 140 =O =o 26 =97 204 
ey 143 SL FG; = OO -134.94 
53 146 -200 20.02 Gila Se 
34 TA9 = 2318) -41.04 =i oee 0 
35 3 =250) -45.14 —204 .86 
36 55 -280 ey e e V0) 78 TES 
a7 bays: = 31018) =90 237 =249 63 


38 160 =320 Io) 6 (48) = 2s 





HyY-130 SPECIMEN 21 162. 


LONGITUDINAL STRAIN 1.25"' FROM WELD LINE 
WELDING PASS # 1 (Cont'd) 


Measured Correction Actual 
Time Temp strain PACE Or strain 
(sec) Ga) (ue) (ue) (ue) 
SNe, 162 -340 =94.01 =e) 3 3), 
40 164 =o aie a, N03) 23) 
41 166 =3/ 0 Jono? = 5) JL SIE 
42 168 = oie, 16), 0). olla} wo 
43 170 SNe =O94.20 VAS) 80: 
44 IZ -400 S28) 45 7/ =) EE 516 8) 
45 173 -410 =O60c45 eet eo O)S, 
46 yes, -420 =Oo7 0. =o 
47 176 -430 (05) 20, SanelOle silk 
48 vars -440 Oe = S08) 28 
49 178 -445 = lO So) o ile 
30 180 -450 a cae =o ore) 
60 186 -490 -80.43 =4090)7 
70 189 =9L0 = Oo 0k LAS: BN 
80 188 1010, 18). 6 3), -417.45 
90 Ihe f -490 =O. 49 =409-51 
100 185 -475 sig. 37 =e. 09 
Ine Ween -460 al dem. So 
IAG) ies -440 =i) eels: = 304.92 
130 178 -420 tke OD = J 40-0 > 
140 176 -410 =09.09 = 240) = Syl 
150 174 =o) =) 6 5a) =327 .47 
160 G7 —350 =O4.28 38) 3 
170 169 = 3/8, 1512 6 IES) nO 
180 168 =5 50 =ot 205 ers, «S/o. 
240 ILS eee, = Onc 6 —241 74 
300 149 —250 -41.04 =20o790 
SoG 142 20 = 3 (08 =e 


420 136 -180 -28.41 -151.59 





Time 
(sec) 


O 
10 
Jee 
iS 
14 
i 
16 
iy 
18 
dee, 
20 
yal 
22 
25 
24 
A 
26 
ati 
28 
Zo 
30 
31 
a2 
53 
34 
3)5; 
36 
oe 
38 


Temp 
os) 


ig, 
80 
82 
82 
82 
81 
81 
81 
81 
ek 
82 
eZ 
82 
82 
on 
81 
80 
80 
79 
Tee, 
19 
vs 
UZ 
iS 
ie 
US 
ies 
US, 
We 


LP isOmoe BeCiUMEN 1% 
LONGITUDINAL STRAIN 2.25"' FROM WELD LINE 
WELDING PASS # 1 


Measured 
strain 


(ue ) 


O 
90 
123)5) 
150 
WIG 
sey) 
210 
230 


AIRC, 
296 
300 
310 
326 
520 
320 
S170. 
310 
300 
290 
280 
2710 
26> 
260 
250 
245 
240 
230 
220 


Correction 


PaclLor 


No hp WH NHB WHY WY LH MY YH NH WH KF HB YB MH NY MH MYM NY NH NY NH NH NH NB NHN ND NH 


(ue) 

Dr 
yee 
oy 
or 
oo 
46 
=46 
46 
(Ao 
46 
OU. 
oF 
wo 
Se 
46 
46 
Po 
“ok 
aD 
255) 
55)2. 
9») 
ee 
oD 
Ps is 
25 
oo 
=. 
Hes, 


26 


Actual 
strain 


iGo 


(ue) 


a 

87 
tse 
147 
ies 
182 
20/7 
Dy, 
247 
ow 
287 
eT) 
20) 
San 
Sue) 
Si 
oly 
Bley, 
oe 
2e7 
277 
267. 
262 
27 
247 
242. 
23 
Ze) 
217 


.26 
49 
OS: 
OS 
(08 
224 
24 
24 
24 
94 
=03 
Ao) s 
205 
103 
24 
24 
49 
49 


45 


245 
245 


45 


45 
~45 
~45 


45 
45 


els 
45 





Time 


(sec) 


Temp 


(°F) 


80 
80 
ule 
81 
82 
83 
84 
84 
85 
86 
8/7 
88 
96 
IOS 
ale 
118 
22 
Les: 
IAs: 
We, 
IL Sit 
133 
134 
Ihe 5) 
5 
igs 
SZ 
130 
ee 


AYy—130) SseECIMEN I1 
LONGIDUTINAL STRAIN 2.25" FROM WELD LINE 
WELDING PASS # 1 (Cont'd) 


Measured 


tegy 


Ad, 
210 
200 
ios) 
65 
180 
170 
16S 
160 
150 
145 
140 
70 
20 
Sale 
=o0) 
oS 
18) 
=I) 
-140 
150 
=160 
aly) 
els) 
pall 710) 
Sle) 
=169 
aclL2) 0) 
-140 


RF F Fr Fr NH KN NM NM NH NH ND 


COrrection 
fegey 
Die 
aoe 
- 46 
-46 
Be | 
ae 
14 
14 
nog 
moys 
£63 
42 
i) 
oS 
66 
43 
44 
1O9 
54 
ales 
foe 
.68 
5 Bie 
nog 
49 
49 
WHS 
03 
48 


a)ik 


Actual 
stral 
(ue 
Jad hae 
207. 
ya 
<4 
63 


eee 


Eo7 
Eo 
rS2 
177 


16/7. 
Tey ¢ 
On 
aie 
143. 
8) 
0, 
polles) 
34 
a 
26 
EOI. 
.68 
eke: 
sO, 


158 
148 


138 
vou 


-108 
=e) 
=e 


-134. 
i) 
sot 


-143 
eee 


Sed 
-142.. 


bs) 
LCS 
gol Gls, 


164. 


49 
49 


86 
86 


37 


ILe 


32 


51 
3 iL 


Zi 
5M 
a 2 





Time 


(sec) 


O 
10 
WZ 
alee 
14 
V5 
16 
17 
18 
sks. 
20 
74h 
22 
23 
24 
25 
26 
Zi 
28 
Zo 
30 
ek 
32 
35 
34 
58 
36 
by 


Temp 
On) 


INGE 
103 
TOS 
Os 
103 
108 
118 
15) 
L)5) 
168 
188 
203 
as 
Zot 
243 
225 
A185 
ZS 
281 
288 
293 
ue 
ocl 
303 
305 
308 
oul 
Baez 


Hy-130 SPECIMEN I1 
LONGITUDINAL STRAIN 
WELDING PASS # 2 


Measured 
strain 


(ue) 


O 
= AGG 
=o Oe 
aS, 
-300 


150 
Ly ps, 
100 


=0G 
=250 
=o) 
sz) 
-700 
= 50 
=925 
Os 
-1070 
=e 
=e 
ae MLAS, 
= 1sie2s 
SL LAe 
= AetG 
-1100 
=1 100 
=1096 


.50'' FROM WELD LINE 


Correction 


hac toi 


—4. 


(ue) 


a) 


split 
aula 
5 ha 
neces 
84 
43 
.68 
14 
AGS 
5 2)S) 
296 
Soke) 
48 
44 
-41 
02 
296 
. 10 
HLS 
84 
Se 
94 
24 
-40 
yO 
42 
[O77 


Actual 


strain 
EGE) 


4 
ales 5) 
=205 


410) c 
ow 
. 84 
43 


=295 


163 


200. 
145. 

Ole 
~45 
.04 
s02 
5) 
[20 
OES, 
525) 
O02 
SZ 
205 


SL 
-263 
-402 
=) ae, 
=F) is 
=1O5 
-884 


=952 


—Jeue 
sal 


=o 


Je. 
- 46 
.60 


= 05 
=976 


exe: 
=970e 
239 


Jom 


sclell 
Oe 
Bol, 


89 


68 
14 
O04 


90 


16 


42 


48 
58 


Tos. 





Time 


(sec) 


38 
39 
40 
41 
42 
43 
4d, 
45 
46 
47 
48 
49 
50 
60 
70 
80 
90 
100 
110 
120 
130 
140 
150 
160 
170 
180 
240 
300 
360 
420 


Temp 
CF) 
322 
B22 
SES 
PS: 
oe 
Se 
312 
SVE. 
SuE 
309 
308 
306 
303 
293 
Zee 
268 
258 


DSI. 
243 
235 
232 
228 
223 
218 
213 
2081 
193 
183 
lene 
163 


Measured 
Strain 


(ue) 


NO) 
=1 690 
IOS 
= LOS O 
mm ROTs10) 
BLOu> 
-1060 
-1050 
-1040 
OZ 
1010 
OOO 
mao) 
= eel 6) 
= 175 
== 8716) 
= 0 00 
= S216 
= OO 
- 450 
- 400 
=e 0) 
ave SD 
= 00 
ie se 
=O 
= ley 
= Ihele 
= =25 

25 


POP oP ECIMEN If 
LONGITUDINAL STRAIN .50" FROM WELD LINE 
WELDING PASS # 2 (Cont'd) 


Sky) 


coals Jas 


sell yi 


ga a 
ao Ib Tae 
AZ Ore 


ZS 


Zo. 


a9 


130. 
ol. 
2. 
94 


-134 


lk Sei 


-141 


=157 
-134 


-130. 
-125. 
-123. 
-120. 
-116. 
-111. 
-107. 
-105. 
087. 
-77. 
—66. 
-55. 


Correction 
factor 


(ue) 


SS, 
Us 
se, 
89 
89 
67 
Sloe: 
42 
42 
84 
Sy 
80 


84 


elu, 
-140. 
350 
166 


28 


44 


Actua L 
strain 
(ue) 


97.0. 
Ak 
ie. 
q ILE 
Sah Oa 
333 
a 6: 


=o7 0 


moo 


-946 
Soon 


S20 
=O 
Lo 
-48 
2.0 
-46 
= Silke 


-894 
-874 
=O 
=oo0 


SOS 


-549. 
44 
34 
56 
.67 
.79 
.79 
-208. 
-188. 
50 
225 
.20 
-22. 
45 


=a 
-415 
salons, 
—324 
Pte: 
=—229 


slog 
-144 
= 18) 7 


41 


80. 


21 


Ih 


ii 


58 
aye. 


16 


nol 


g2 


78 


O02 


7/ 


68 


ESGr. 





HY=1 30 SPECIMEN If 
LONGITUDINAL STRAIN 1.25" FROM WELD LINE 
WELDING PASS # 2 


Measured Correction Actual 
Time Temp strain strain strain 
(sec) ae (ue) (ue) (ue) 
a Bea O Soon 5.66 
LO QI =125 =o..00 =e Gee 
eZ EL =D 70106 -66.34 
Bs sL1p3t ake -8 .66 sal oS La a 
14 NES =15 =on00 -6.34 
ili ee = 15 S61 -16.34 
16 dne2 aS OOO Eo —o0 
ale, EZ iy =2 38 184.30 
18 del 3 225 Seis: 234295 
lhe, als le 25 25) 534.95 
20 114 360 OO BTA) (0)r4 
al 116 aD ih C)e, BGO. 99 
22 IS ES: -lo.43 388.43 
23 ZG 350 all rae Al 364.91 
24 22 325 =1S.05 Soo aco 
2D eo La eee eel), ZO rad, 
26 iS 225 S25 chips: 250.68 
2a 7 IS =e | 204.33 
28 141 25 Sadly NS Gane 
Zo 146 75 358) LOW OZ 
30 Ie 50 =a 3706 93705 
ol ILS 25 -48.26 Oe 0 
a2 160 O — aS D2Go 
33 loys, ILS Soo”. 42.82 
34 169 US 6's 1S. Sis 
35 Ws =00 =60.45 6.45 
36 ey, JS) Onn SS) 
a7 180 = 1000 (and SPAS 18: 


38 re 3 = =i e223 he, TIE 





Time 
(sec) 


Se, 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
60 
70 
80 
90 
100 
Jake, 
120 
130 
140 
150 
160 
170 
180 
240 
300 
360 
420 


Temp 
ey) 
Isiys 
190 
JES): 
196 
198 
200 
203 
205 
207 
209 
7aitil 
melee 
fe 
aes 
EA 
223 
222 
Zal9 
21/7 
214 
ZZ 
JANG) 
208 
205 
203 
Jesu 
183 
176 
165 


Measured 
strain 


(ue) 


S35 
-150 
ily 
90 
200 
SAE) 
=23) 
=220 
205 
=215 
aelOD 
=295 
—sier8 
S2TS) 
oes 
-360 
-345 
moLS 
— 15/18, 
2180 
=-285 
SEES 
=250 
S58 
a8, 
= Lie 
— ibs), 
-~140 
25 


Hy Oe ol Ee iMEN 11 
LONGITUDINAL STRAIN 1.25" FROM WELD LINE 
WELDING PASS # 2 (Cont'd) 


-84 
=o 


Oe 
90 
-94, 
oe 
eo 


=92 


=95 
=99 


=101. 
=O 2. 
HUGS 
5 ae. 
5 ols 
~85 
20D 
a2 
538) 
5185) 


she 
= 
=IEIL7) 
-117 
SAG 
ells: 
ee 


se Fa We 
41 
55 


Oe 
= 06 


Oa. 
vow 
“95 
Se 
Wil 
We 
oo 
eV 


=162 


-97 
-85 
-77 
-69 
-57 


Correction 
strain 
(ie) 
-81. 
.66 


.80 


49 


ye 


a 


86 
TZ 
65 


10 


72 


Achuat 
strain 


(ue) 


=59 


1015) 6 
ny AS 
-10 
105 


181) 
= 99 
Gy 


=O. 
510)5: 
=o. 
~14 


=1359 


= ille)s 


= i 
ale? Oe, 
42 
Sou 
1) 


aleve: 
—244 
ok 


Sol. 
2). 
atoll 
oo 
790 


=o29 
ae eZ 
=AliSie) 


leceeye 
42 


allits 


=O 
allie) 
HOF 
04 
Bras) 


=147 
-125 
-122 

-84 


aa ae 
=16. 
ollie: 


sade 


34 


03 


07 


28 
3) 


1s) 
78 


Sys, 


28 


7 
31 


Les 





Time 


(sec) 


10 
12 
i 
14 
1S) 
16 
1/7 
18 
19 
20 
Zi 
Ze 
23 
24 
25 
26 
27 
28 
Zo 
30 
ool 
o2 
30 
34 
25 
36 
of 
38 


Temp 
Kai 
108 
108 
108 


108 


cmomnaqurreennn er 


108 
108 
108 
108 
108 
108 
108 
108 
108 
108 
108 
108 
108 
109 
109 
109 
110 
110 
111 
mila 
ial 
112 
112 
113 
114 


hia {© Se EGIMEN LI 
LONGITUDINAL STRAIN 2.25'' FROM WELD LINE 
WELDING PASS # 2 


Measured 


strain 


(ue) 


O 

O 
30 
50 
50 
30 
50 
75 
100 
140 
kgs) 
falls) 
230 
250 
27.0 
280 
290 
290 
296 
285 
270 
300 
310 
315 
320 
325 
525 
339 
330 


Correction 
factor 


(ue) 


-6.84 
-6.84 
-6.84 
-6.84 
=r et 
-6.84 
ey coy 
~Gnod 
-6 .84 
-6.84 
-6 .84 
-6.84 
-6.84 
-6.84 
-6.84 
-6.84 
-6.84 
Sih 
eas 
ee 
=9,04 
-8.04 
=O. 
25 olla 
=o. 
=O 
=9.. 50 
eel ay), 
= OnG2 


Actual 
strain 


6 
36 


Dor 
507 
84 
84 
.84 
.84 
84 
84 
84 
84 
84 
84 
84 
84 
43 
43 


36 

56 

81 
106 
146 
oat 
Zo 
236 
256 
276 
286 
296 
LST) 
“es 


2927 
04 
O04 
.66 
.66 
.66 
334. 
334. 
BS, 


298 
308 
Bio) 
325 
328 


529 


340. 


(ue) 
ore 


84 
84 


84 


84 
84 


43 


ac 
20 


62 


soe) = 





Time 


(sec) 


59 
40 
41 
42 
43 


45 
46 
47 
48 
49 
50 
60 
70 
80 
90 
100 
LARS, 
120 
130 
140 
150 
160 


Measured 
Temp strain 
CED (ue) 
114 325 
IES o25 
Biss, 320 
Was: ile 
116 515 
11/7 305 
lakes: 300 
Nats, 290 
BVA 8, 285 
lz 280 
He 2 PTS) 
yas} 2/0 
133 210 
140 BUMS) 
147 90 
eS 65 
ILays: Zo 
160 O 
os Alt) 
165 SS, 
167 -40 
168 =50 
169 -60 
169 ae 
IL7@, = 1% 
168 = 1.5) 
165 O 
161 10 
156 30 


HYCO oe se lMEN EE 
LONGITUDINAL STRAIN 2.25" FROM WELD LINE 
WELDING PASS # 2 (Cont'd) 


Correction 


EActon 


(ue) 
Lhe 
—li. 
like 
Ses, 
99 
ATi Ak 
eS: 
16 
mol 
nov 
44 
S48) 
68 
6 
ROZ 
poles 
Sod. 
48 
68 
Ate 
oy 
.O5 
LS 
Bes 
769, 


OZ 
30 
30 


05) 
on 
24 
ale. 


AGrua | 
strain 
(ue) 


335,62 
336.30 
B2)1 5 She, 
BWA) ee: 
S2e09 
B37 A 
SiS 243 
304.16 
PEE) SM 
US) Sy aN 
291.44 
Tey aS 
25 Oe 
1S kG 
29707 
110.14 
Tee 
52.48 
45.68 
S22 O2 
IES hy's) 4 
ie 
ZoolkS 
=-7 .87 
S56 30) 
46.05 
Beare 
63.54 
Hires 


Or 





Time 


(sec) 


0 
10 
2 
i 
14 
i> 
16 
ry, 
18 
19 
20 
7a 
Ze 
23 
24 
25 
26 
21 
28 
29 
30 
on 
32 
53 
34 
35 
36 
ey, 
38 


HY-130 SPECIMEN II 
TRANSVERSE STRAIN .50'' FROM WELD LINE 
WELDING PASS # 1 


Measured Correction Actual 
Temp strain PAC EOE strain 
1 (ue) (ue) (ue) 
73 0 ISVS 6) Ya ele: 
83 -200 Zee -202.2/7 
) 8: = 6510, (05) ois )Ole(8)s 
103 -1200 = Gy rev dl SILILSS 3838, 
143 nT a ra 2D -1460.09 
ZS -600 a SUSIE 10, 
ZS 300 -140.98 440.98 
343 BING 152 5ibeSs 1042.48 
Sais! 1350 aor 23 1308.23 
o23 Ss) 25.56 1549.42 
400 1625 Spo ey a) aoe ATS 
401 1400 574 5 (016) 1347.94 
398 1000 41.87 Sayer ILS: 
O95 750 Sl ys: Fi Abe S G)b 
B92 600 a fap heya SHI eve 
388 500 10.14 489.86 
384 450 Sil, {eh 451.61 
Bou 425 OO? 435.07 
Sipe) 400 =26 ibe 426.10 
Sy éal 320 = (0) ele 426.13 
364 a2 =D2-40 427.48 
360 570 Sole sy Soe Z 
353 360 =F) [0h 435.08 
348 350 eee 434.14 
342 340 eG 434 .06 
336 325 OVE) ALTE pe) 
332 300 -108.29 408.29 
526 203 Slohs saul 990 s51 


B22 260 ello ./ 9 379-79 





Time 


(sec) 


39 
40 
41 
42 
43 
Ad 
45 
46 
47 
48 
49 
50 
60 
70 
80 
90 

100 

110 

120 


140 
150 
160 
170 
180 
240 
300 
360 
420 


TRANSVERSE STRAIN .50" FROM WELD LINE 
WELDING PASS # 1 (Cont'd) 


Temp 
(CE) 
3 Ay. 
oi 
309 
30) 
302 
298 
293 
Ze 
289 
286 
253 
281 
260 
245 
233 
ZS 
ZG 
710 
203 
Wey 
2 
188 
183 
180 
igs) 
Iss 
ED 
143 
135 


y= b3O SPECIMEN Jf 


Measured 
strain 


2 eee 


Z0 
Fag ees 
210 
200 
185 
NEES 
ILS) 
140 
Wes, 
JES 
105 
100 
70 
22 
0 

0 


Correction 


Pactor 


~124 
-127 


=E30. 
40 
O/ 
moe 
OO. 


=E33 
Ess) 
= 136 


39 
ES), 


tke 


away 
Siok 
= Oo 
oe 
= fii 


- 71 
- 53 
- 44 
- 35 
- 27 


(ue) 
a 35) 
.89 


84 


16 


-14 
oe) 
Seeley 
= 10h 
=e 
3 Ore 
SL. 
23) e 
wee 
SLO: 
-104. 
-96 
Ae 3 
o76 
Se). 


5A: 
pie. 


53 
a3 
IEG; 
> 

24 
58 


21 


ale 
We 


278: 


wo> 
294 
eel: 
.06 
49 


Actual 
Strain 


(ue) 


374 
Sey 


340. 
-40 
Gy) 
nei 
288. 
14 
264. 


6188: 
S76) 
GyIEN 


2 iie 


Haye: 


245 
241 


208. 
Ihaylere 
Halt 
Sad 


123 
116 


100. 
Si 
-96 
whe, 
ie 
pS 
as 
393 


94 
87 
81 
76 
he. 
67 
62 
61 
43 
34 
25 
ie 


sae 
noo 


84 


16 


93 


soley 
Soe: 
5AKe) 


24 
58 


Za 


=25)8) 
24 
ald: 
-06 
49 


dy erale 





Hy -hoO, SPECTIEN Ei eae: 
TRANSVERSE STRAIN 1.25" FROM WELD LINE 
WELDING PASS # 1 


Measured Correction Actual 
Time Temp strain factor strain 
(sec). LD) (ue) (ue) (ue) 

O Ss 0 Ph 6. = eeO 
10 a3 40/0) .05 =2 00205 
WZ 98 -265 ol 6),0) 40) 87/410) 
W3 03 = 5 Se =) oo 
14 LOy, - 50 Ome 56.26 
15 109 65 =o Pees 
16 107 DO S65 le Sonar as 
17 107 30 =O 2 © Bor. © 
18 106 25 =o. © 1s Se 
ine) 106 =) one =677.50 
20 106 =i = = 19230 
yeh 108 = 2/15 -6 .84 evo lie 
ZZ LG, ee -8 .04 = 21S 5 Ske 
Zo eZ -400 =) Be. SSL 10) 
24 ies -450 al wt S50. =4 30,70 
> 118 -460 le) as =O). 7 
26 LAE -450 setll sy 16)7/ = 3c oS 
a7 is -435 —lGwos SMG 5 LY, 
28 130 -410 al Bo 9 JS: =Soo. 9 / 
29 gS Ne -400 =29 500 = eee 
30 136 a 0: 2 oil Soh Si, 
31 140 =325 ove Ie) eo 
a2 143 -300 = 5200 —264 .94 
a2 146 =20 848) 502 = lo 
34 149 =229 -41.04 mellrozsi aiele 
35 13: Zl -45.14 =o ecG 
36 13)S -200 SI NUS 5 1 
ey 158 = hoe OO) =134.63 


38 160 =i SB) be Say a 





Time 
sec 


39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
30 
60 
70 
80 
90 
100 
nO 
120 
130 
140 
150 
160 
170 
180 
240 
300 
360 
420 


Temp 
EDs. 
162 
164 
166 
168 
170 
7Z 
173 
iS 
176 
lv 7s 
178 
180 
186 
189 
188 
187 
Ils) 5) 
es 
Teeth 
IW: 
176 
174 
Ihyae 
Gg 
168 
156 
149 
142 
136 


Hi SOVSEECIMEN IL 
TRANSVERSE STRAIN 1.25" FROM WELD LINE 
WELDING PASS # 1 (Cont'd) 


Measured 
strain 


(ue) 


=ILie 5) 
-160 
ks) 6. 
-140 
= hse, 
=IZ5 
ee, 
=115 
=O 
=LO5 
-100 
=s95 
= 6S 
=O 
- 40 
— S18, 
——a° 
> 
= 25 
= 30. 
sr edlS) 
=> 
Sek 
= LS 
= 10 


Me) 
20 


Correction 


hactor 


Cue) 


-48 
=, 


=26 


rod 
7/2 
oo 
205 
20) 
aod 
45 
OW 
sles, 
el 7 
BOD 
.00 
43 
sloull 
oo 
49 
3/7 
23 
.08 
po) 
ene, 
(3 
no 
Gee 
=O. 
=20 
.04 
109 
-41 


13 
O05 


Actual 
Sir ar tn 


(ue) 


ea LI), 
=O3: 
or. 


78 
66 


a9 
oye 


46 


34 


Zale 


33 


aL 


Ske 
Bee 
50. 
-00 
108 
eS 
fe: 
me BS) 
S(O: 


51 
54 


49 
47 
aa 


48. 
04 
Oe 
48. 


41 
44 


Sy, 
ZS 
NL 


wo 
.80 
60 
5), 
oye, 
40. 
a 
Zo 


cul 


15 


. 00 
BS 


43 


61 
42. 
49 


a) 


37 
23 
08 


33 


26 


41 


ee 





He = oO Se ECHIEN IT 
TRANSVERSE STRAIN 2.25" FROM WELD LINE 
WELDING PASS # 1 


~ 26 
say 
SEN) 
es 
OS 
24 
24 
224 


Measured Correction Actual 
Time Temp strain FACT Or strain 
(sec) CB. (ue) (ue) (ue) 
O i 0 220 <2 
LO 80 —1LS eel ain 
WA 82 =) Zo hi) 
LS 82 Sap FS Fi et 
14 82 50 a Ws 47 
1G. alk LOS 2-46 LO? 
16 81 LS IRIN Wee 
ILy oul WZ) Ph TENS) eZ 
18 81 EUS DPN Ae 
My 81 55 ZO a2 
20 82 60 ERO) Da 
Zt 82 10 Zed i 
22 82 -45 Ze o7 =o. 
23 82 —10G Zl SOs 
24 81 =16> 2.46 One 
2s 81 aS 2.46 SE 
26 80 =O Zk See 
Za 80 SES) ee LE =O 2k 
28 Ve =O eS) ee 
29 Ve -200 255 —202e 
30 IEE => Loy) mae 
a Be =190 ag a) SOE 6 
32 is =135 eS) = lish 
33 ie -160 Aa) = Ue 
34 is. =O PsP 8, Pc 
oD TS, =165 LES D =o7s 
36 io — loo IL aw. —o2. 
i) 19 S15) 535. a se 
38 We = 55 2255 ok Bo ae 


dy Se 





Time 
(sec) 


39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
60 
70 
80 
90 

100 

110 

120 

130 

140 

150 

160 

170 

180 

240 

300 

360 

420 


Me Oo EG rMEN iL 
TRANSVERSE STRAIN 2.25" FROM WELD LINE 


WELDING PASS a 1 (Gent ‘d) 


Temp 
Loa ee 
80 
80 
ou 
81 
82 
83 
84 
84 
85 
86 
8/ 
88 
96 
LOS 
aa ah 
IES 
Tez 
175) 
128 
129 


Measured 
strain 


(ue) 


= 50 
—i2)8) 
-145 
-145 
esd MARS, 
eae 
-142 
BLO 
=140 
aod 
isc 
LoD 
milekS 
= ee, 
4:75 
=365 
=> 
ee. 
- 40 
=O 
ae 
=720 
= £5 
eels) 
= 

O 

15 

Ji) 

35 


Correction 
factor 
(ue) 

ol 


ees 
- 46 
-46 
of 
aa 
.14 
14 
a 2)s) 
82 
765 
42 
se 
vl) 
. 66 
43 
44 
83 
oe 
ay) 
moe 
Oo 
SNe. 
49 
me!) 
49 
Te, 
105 
48 


2 


Re RF FP FF KN NHN NY WKY NY WK WH 


Actual 
strain 


(ue) 
oes 
mae 
46 
-46 
ad 
ay 
ae 


gia vA 
-147 
=e 
=145 
-145 
~144 


cee ia 
= 14 1. 
= ctO, 
£63 
42 
00 
105 
—p06. 
ge ilue 
120 
Oe 
.68 
rs: 
109 
.68 
20 
-49 
-49 
78 ace 
ge 
48. 
-48 


=o 9 
-136 
=a 
=O? 


as ,8) 


- 18 
- 7 
af 5) 
5 
11 
14 
22 


39, 


S)Jt 


14 
ely) 
82 


34 
3) 


ey 


49 
72 
03 


E7Gy. 





Time 
(sec) 


10 
ee 
i 
14 
LS 
16 
ii 
18 
19 
20 
7530 
22 
23 
24 
25 
26 
tad 
28 
29 
30 
Syl 
a2 
33 
34 
35 
36 
oy 
38 


Temp 
Ce) 


103 
162 
103 
103 
103 
108 
118 
133 
ILS) 
168 
188 
203 
23 
Zou 
243 
295 
265 
218 
281 
288 
2913 
pais 
301 
303 
305 
308 
Sell 
SZ 
Ss 


Measured 
strain 


(ue) 


O 
300 
500 
500 
3570 

=e 
=O) 
=—300 
a 5) 
LOS 


100 
190 
20) 
Sze 
350 
400 
450 
475 
500 
5 
500 
500 
500 
490 
490 
490 
490 
490 


AY =! SCR SenCiMiN Li 


TRANSVERSE STRAIN .50" FROM WELD LINE 
WELDING PASS # 2 


Correction 


factor 


(ue) 
eel: 
ep Ea 
cleat 
zo 
pula 
84 
ee 
.68 
ee 
105 
sD 
96 
98 
eS 
44 
coe 
sO) 
98 
LO 
s5 
84 
BIS. 
58) 
10 
40 
Ec 
ee 
Ao 
See, 


Actual 


strain 


504 


354 


=280 


179 


=o 3. 


oz 


ae 
301: 
Sy Pee 
44 
ca 


455 
486 


ewe 
270% 
al O 
640. 
84 
aS) 
ae) 
5516 
40 
a2 
42 


616 


653 
637 
635 
634 
623 
oyed 
619 


618. 
oNolel. 


men Gie)) 5 
4. 
304. 
aaldl 
504. 
11 
-93. 
5) 
274. 
. 86 


dial 
sla 


Jal 


16 


yy 


2}5) 


55)5) 


96 
98 
48 


65 
98 


Es 


67 
Ue 


ie 





Hi=I[3G SPECIMEN If 
TRANSVERSE STRAIN .50"' FROM WELD LINE 
WELDING PASS # 2 (Cont'd.) 


Measured Correction Actual 
Time Temp strain EAGEOR strain 
(sec) Cy: (ue) (ue) (ue) 
39 522 490 -119.79 609.79 
40 Siig 490 =127 239 oe easy) 
41 Srs 490 E27 00 OI ey, 
42 evils! 490 =2 7 269 Gly oo 
43 Sly 490 pee elo OnE 2 607 
44 ony. 490 =126.07 OlS7.6 7 
45 esi 490 aS) 619.42 
46 Silt 480 NaS) 6 609.42 
47 309 475 -130.84 605 .84 
48 308 470 3532 O01 752 
49 306 460 1S) 57219) Bo 5 ehO. 
50 303 450 -134.54 584 .54 
60 JAS) 5) 5990 all Siva) iA 528.84 
70 DEES) 350 Sil ES, 491.19 
80 268 325 -140.238 465.28 
90 Zoe 290 Bf aia: 427.56 
100 Zo i! JAE: 1347.06 409.66 
110 243 260 -130.44 390.44 
WAG 235 250 = 254.53 Sy e : 
130 Zo2 250 =i) 55) aah Sy bay aal 
140 223 225 iLO) ral 345.2 | 
150 ies Zs = 1109, 22 941.22 
160 2S 200 are SG Shs 
170 72 iN) 200 Oy 50 307,50 
180 211 200 OS Fler, DOD 05 
240 193 225 = 87.30 FO 
300 183 225 ff VES BOD.) 
360 173 230 - 66.45 296.45 


420 153 250) wo OS 305 .68 





Time 


(sec) 


10 
12 
i 
14 
iS 
16 
iy 
18 
1 
20 
Za 
72 
23 
24 
25 
26 
Ag 
28 
a 
30 
St 
52 
o38: 
34 
6B) 
36 
oy) 
38 


Temp 
ies 
ibe 
JEILIE 
ie 
Jali: 
anak 
TIE 
ie 
eZ 
Lg 
113 
114 
116 
118 
120 
125 
IWS, 
WSS 
IS 
141 
146 
JL yek 
6 
160 
WSS 
169 
ayes) 
177 
180 
183 


Measured 
strain 


Gite) 


O 
180 
Sy. 


My bso) Sk ECIMEN Li 
TRANSVERSE STRAIN 1.25" FROM WELD LINE 
WELDING PASS # 2 


Correction 
factor 


(ue) 
.66 
Oo 
66 
66 
S516) 
66 
. 30 
. 30 
95 
95 
w6Z 
5 3)8. 
8 
91 
205 
ally 
.68 
0 
wi 2 
«O02 
.08 
26 
SS) 
so72 
Agia 
ofS) 
er 
~OO 
ae 


Peta. 
strain 
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